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GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation is organized into the following mannen a general introduction 
providing the literature review and project objectives, four papers prepared for publication in 
scientific joiimals, a general summary, references cited, and acknowledgements. The first 3 
papers are prepared to address the 3 sub-objectives of objective 1 while the 4"* paper 
addresses the 2"^ objective. The first 3 papers are associated with satisfying the requirements 
for the Entomology major while the final paper relates to the co-major Crop Production and 
Physiology. The references cited section at the end of the dissertation includes those 
references cited in the general introduction and summary sections. The first paper was 
prepared for publication in the Journal of Economic Entomology and the second paper will 
be submitted to Environmental Entomology. The third paper will be submitted to Crop 
Protection and the fourth paper was prepared for the Agronomy Journal. Each paper was 
prepared based on required guidelines of the associated journals. 
Literature Review 
European com borer. The European com borer, Ostrinia nubilalis Hubner 
(Lepidoptera: Crambidae) has a significant impact on the production of com, Zea mays L., as 
well as several other crops including sorghum, cotton, and vegetables. It is estimated that 
this insect causes at least 1 billion dollars annually in field com and is therefore considered to 
be the most damaging insect in com throughout the United States (Mason et al. 1996). In 
several recent surveys, growers were asked to estimate their losses to several com insect 
pests. A majority of the fanners selected the European com borer as causing the greatest 
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economic losses (Rice and Ostlie 1997, Pilcher and Rice 1998). Despite the consistent losses 
that occur, growers continue to ignore the management of this insect. This reluctance stems 
from many factors including: larval damage is hidden, infestations are unpredictable, 
scouting for this pest requires time, skill, and money, insecticidal management has been the 
only alternative but raises health or environmental concerns, and the benefits of management 
are often difiQcult to measure (Rice and Ostlie 1997). Furthermore, the best control one 
could probably obtain with insecticides would be 80% (Rice 1994a). 
To effectively manage O, nubilalis, a fanner needs to identify the injury caused by 
the insect, follow its life cycle, and determine population densities. Most researchers regard 
stalk tunneling as causing the most economic damage as well as providing the best indicator 
of yield loss (Calvin et al. 1988, Hudon et ai. 1989). Damage caused during early stages of 
com growth (after V6) is typically leaf and midrib feeding that appears as shot holes in 
whorl-stage com. The larger instars timnel into the stalk during all stages of com growth. In 
later stages of com growth (beyond VT) larvae feed on the leaf sheath, collar, and ear tissues. 
Ostrinia nubilalis goes through 4 stages during its life cycle — egg, larva, pupa, adult 
(Mason et al. 1996). In the central Com Belt, O. nubilalis completes this life cycle twice, 
each cycle representing one generation. This insect goes into diapause during the early fall 
months and overwinters as a 5"* instar. After pupating in May of the next year, adults emerge 
and begin laying eggs in Jime. The eggs hatch, and the larvae develop through five stages 
before pupating and emerging as adults to produce the second generation in August During 
the first generation, O. nubilalis are scouted for by pulling whorls out of plants and counting 
the average number of larvae per plant (Rice 1994b). During the second generation. 
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management decisions are based on the mean nmnber of egg masses per plant (Mason et al. 
1996). 
Utilizing Bacillus tkuringiensis. Bacilltts thuringiensis Berliner (Bt) has been used 
since 1970 as a management option for O. nubilalis with the first conmiercial preparation of 
Dipel* (Beegle and Yamamoto 1992). Slow adoption of Bt microbial insecticides has 
occurred for the following reasons: it typically takes several applications to achieve equal 
efiicacy of one application of a synthetic insecticide, activity of Bt appears to be slow 
compared to synthetic insecticides, exact placement of the product to where com borers are 
feeding is required, the narrow host range, because growers often need to control a broad 
range of pests, and Bt insecticides are typically inefifective against large larvae. The 
advantages of Bt, however, include safety to growers and the environment, non-toxic to 
vertebrates, there is no residual, and the specificity against few pests is also beneficial. 
The benefits of Bt are becoming increasingly important factors for growers to 
consider when deciding what methods to use in managing insect pests. The advantages of Bt 
fit well into a basic goal of integrated pest management (IPM) which is to keep pest 
populations below the economic injury level while preserving naturally occurring beneficial 
organisms (Pedigo 1999). Although Bt is highly attractive, for the described reasons Bt has 
been underutilized as a pest management alternative. The advent of biotechnology has 
brought to the forefront opportunities to improve upon the use of Bt as a pest management 
resource. 
Biotechnology is the science and art of genetically modifying an organism's DNA, 
such that the transformed individuals can express new traits that enhance survival or modify 
quality (Ostlie et al. 1997). This revolutionary approach of engineering plant cells to express 
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genes with specific qualities gave researchers the opportunity to improve Bt so that it may be 
better utilized in managing pests like O. nubilalis. Researchers developed transgenic plants 
that contain a gene from Bt that produces a crystalline (Cry) protein, which is toxic to 
specific insects (Koziel et al. 1993, Armstrong et al. 1995). Crops that have been genetically 
modified to express different crystal proteins from Bt include com, potato, cabbage, tomato, 
soybean, cotton, tobacco, and rice, allowing those crops to be protected against specific 
insect pests (Kumar and Sharma 1994). Scientists have identified more than 60 Cry proteins. 
For example, Cry3 proteins are effective against Colorado potato beetle. Cry 1 Ac and Cryl Ab 
proteins are effective against com earworm and tobacco budworm, and Cry lAb, Cry 1 Ac, 
and Cry9C proteins are effective against O. nubilalis (Hofte and Whiteley 1989, Ostlie et al. 
1997). Transgenic Bt com has proven to be highly eflBcacious against O. nubilalis with 
control exceeding 99% (Rice and Pilcher 1997). 
Strengths and limitations of Bt corn. In 1995, transgenic Bt com was registered for 
use and was commercially available to growers. These products eliminated many of the 
problems associated with Bt microbial insecticides but created other important concerns. A 
grower purchasing a Bt hybrid may expect several benefits from these products (Rice and 
Pilcher 1998). First, Bt hybrids will provide season-long control of O. nubilalis because the 
plants express the protein in most of the tissues throughout the growing season. Hybrids with 
the YieldGard® and StarLink* technologies (events Btl 1, MON810, and CBH-351) nearly 
100% control of first- and second-generation O. nubilalis. Hybrids with KnockOw/*, 
NatureGard®, or Bt-Xtra technologies (event 176 and DBT-418) near 100% control of first-
generation borers but only 50-75% of second-generation larvae (Ostlie et al. 1997). 
Secondly, Bt com provides yield protection because the com plant escapes O. nubilalis 
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injury and the yield loss associated with stalk tunneling. Next, use of Bt com should reduce 
insecticide use and hazards. Control costs should decrease because the added cost of Bt com 
is less than or equal to the cost of a commercial insecticide application. Farmers will no 
longer have to worry about properly timing an insecticide application if Bt com is used. In 
addition, scouting costs should decrease because control decisions of O. nubilalis should not 
be necessary. There will also likely be fewer environmental concerns because Bt has been 
shown not to adversely affect wildlife and most non-target species tested (Envirormiental 
Protection Agency 1995). Additional benefits include reduced incidence of ear and stalk rots 
and reduced stalk lodging and harvest loss. 
The potential limitations of Bt com include the impredictability of O. nubilalis 
densities (Rice and Pilcher 1998). Bt com is planted as a preventive tactic for an insect that 
will occur several months in the future. Need before planting cannot be predicted; therefore, 
economic retum cannot be guaranteed. If the density of O. nubilalis is large enough to cause 
economic loss greater than the premium paid for the hybrid seed, profits will occur. There 
will likely be variable yield performances among hybrids. While inserting the Bt gene into a 
com plant should make it a better hybrid, it may not be the best yielding hybrid. Marketing 
restrictions may occur that may limit the number of grain buyers purchasing Bt com 
products. An important potential limitation that is receiving the most attention by researchers 
is that O. nubilalis could develop resistance to Bt com (McGaughey and Whalon 1992, 
Alstad and Andow 1996, Gould 1998, McGaughey et al. 1998). 
Integrating Bt corn as a management tooL Resistance to insecticides is a major 
agricultural and public health problem. More than 500 insect and mite species are resistant to 
different pesticides (McGaughey and Whalon 1992). The use of transgenic com has many 
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scientists concerned about the possibility of insects rapidly adapting tolerance to Bt, thus 
reducing the longevity of this novel technology. Recently, several insect pest species 
inrliiding the diamnndhack moth, Plutella xylostella, the Indiaiuneal moth, Plodia 
interpunctella, the tobacco budwonn, Heliothis virescens, and the Colorado potato beetle, 
Leptinotarsa decemlineata have developed resistance to Bt (McGaughey and Whalon 1992). 
Resistance to insecticides often occurs due to high selection pressures that can result from 
high rates of active ingredient, multiple applications, or use of insecticides vdth long residual 
activity. Transgenic Bt com will exert high selection pressure on O. nubilalis populations by 
expressing high doses of protein throughout the plant with continuous exposure through the 
growing season. 
Several strategies have been proposed for managing insect adaptation to plants that 
express the Bt protein (Kennedy et al. 1987, Gould 1988, Mallet and Porter 1992, 
McGaughey and Whalon 1992, Alstad and Andow 1995, Roush 1996, Gould 1998, 
McGaughey et al. 1998). These strategies include using multiple Bt proteins within the 
plant, mixing Bt com seeds with nonBt seeds, expressing Bt proteins in specific plant tissues 
using different gene promoters, requiring com plants to express a high dose of Bt protein, 
and maintenance of a field refuge. Several of these techniques are undesirable due to current 
technology limitations, conflicting seed-company interests, or potential lack of grower 
acceptance. Insect resistance management groups have met to discuss options available to 
deploy or delay insect resistance (Ostlie et al. 1997, ILSl 1998). A general consensus has 
been that growers should have a refuge. In the context of O. nubilalis management, a refuge 
is defined as adjacent nonBt com where susceptible com borers will survive and hopefully 
mate with any moths that survive in Bt com (Ostlie et al. 1997). 
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Thus far, current discussions have focused on delaying or preventing resistance 
development in O. nubilalis populations. However, resistance is probably the least of 
growers' concerns when it comes to producing com. In 1996, a grower siuvey was 
conducted to determine the perceptions that Iowa com farmers have of Bt com and potential 
changes in crop management (Pilcher and Rice 1998). Growers were asked, "Who should be 
responsible for developing a management plan for delaying O. nubilalis resistance to Bt 
com?". Over 75% of the farmers chose the seed industry, 66% selected university scientists, 
but only 31% selected farmers. Few growers want to be involved with this process. This is 
discouraging because the growers' role in these developments is crucial as they attempt to fit 
any management recommendations that might be made into their farming systems. 
It could be that several suggestions toward resistance management are impractical. 
O. nubilalis are currently not resistant to either Bt or synthetic insecticides in any field 
populations. Instead of growing Bt com on the basis of resistance management, Bt com 
should be grown where the maximum return can be achieved based on successful 
management of O. nubilalis. It seems unlikely that growers are going to alter their 
production methods to avoid selecting for resistant populations of O. nubilalis, so we should 
encourage the management options that integrate Bt com into current farming systems based 
on flmdamental IPM approaches. Resistance management is most effective when used in the 
context of an IPM program (Metcalf 1980). Such concepts follow: 1) we should reduce pest 
densities to tolerable levels while maintaining a quality enviromnent, and 2) use many 
different techniques such as cultural, biological, mechanical, and chemical controls (Pedigo 
1999). IPM is highly associated with ecologically based himian activities with a foundation 
in environmental protection. 
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Creative planting strategy. Planting date influences the 3deld of a com plant 
(Ritchie et al. 1993). It is recommended to plant as early as possible to best utilize the rate 
and length of time for dry matter accumulation during the growing season (Ritchie et al. 
1993). Cultural practices include planting time adjustments to avoid peak periods of insect 
activity (Board of Agriculture 1989). One way to integrate Bt com into a farming system is 
to use Bt com in combination with a cultural control strategy to decrease numbers in nonBt 
com below the economic injury level. In the grower survey, growers were asked to select a 
potential resistance management strategy that would be compatible with their farming 
operation. Thirty-two percent of the farmers selected planting a specified ratio of Bt com to 
nonBt com at different times in an attempt to use Bt com as a preferred host during peak O. 
nubilalis egg-laying periods (Rice and Pilcher 1998). 
Ostrinia nubilalis has two generations in Iowa. The first generation begins in early 
Jime. The overwintering generation adults emerge, mate, and females lay their eggs on the 
undersides of leaves of com plants (Mason et al. 1996). Females prefer to lay their eggs on 
older, maturer com plants. Com that is planted earlier is more susceptible to first generation 
com borer infestations (Mason et al. 1996). Ostrinia nubilalis adult moths are attracted to 
early-planted com, so Bt com could be used as a method of recruiting egg-laying females for 
first generation control. 
Second generation O. nubilalis damage occurs in August and September. The second 
generation usually occurs following pollination, which means most field com silks are 
turning brown. Female O. nubilalis are attracted to fields with green silks on com ears 
(Mason et al. 1996). Those cornfields that are planted late usually receive a higher 
infestation of second generation O. nubilalis because the green silks are more attractive to 
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fernates for egg laying. Therefore, transgenic Bt com could be planted last during spring 
planting and used for second generation control. 
Research results have shown that yields begin to decline when planting occurs later 
than the optimum com planting date for an area (Hicks and Wright 1987). In Iowa, the 
optimal dates are from 20 April to 10 May (Phiri 1992). Increased yields from early planting 
has been attributed to several variables including: more efBcient use of sunlight, less injury 
from summer heat and moisture stress, reduced frost damage in the fall and decreased 
lodging. Carter (1984) reported that early planting produces shorter plants that allow 
increased light penetration and tend to lodge less at high plant populations. Knapp and Reid 
(1981) found that planting com before 15 May maximized yields for all hybrids regardless of 
maturity. The failure of late-planted full-season hybrids to mature lowers their yield, but also 
produces grain that is too wet for timely handling at harvest (Phiri 1992). 
There are some potential benefits to planting com later than normal. Many farmers 
delay planting on parts of their farm to avoid large crop losses to potential frost conditions. 
Other farming practices include delayed planting for a successful weed control program 
(Board of Agriculture 1989). This allows frequent cultivations during early growth of the 
com crop to avoid weed problems. 
Developing a creative planting strategy by adjusting planting dates of transgenic Bt 
com and nonBt com could be an effective management tactic to control O. nubilalis. 
Transgenic Bt com could be planted first followed by nonBt com and then Bt com last. 
NonBt com could be planted in between the two Bt com plantings to maintain a susceptible 
O. nubilalis population. In addition, the numbers of com borers in the nonBt refuge would 
potentially be below the economic injury level given the recruitment of egg-laying to the 
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early and late planted com. Adjusting planting dates using Bt com as a cultural pest 
management tool may enhance the utilization of other management considerations like 
biological control. 
Bt corn and biological controL Predators and parasitoids use com plants in several 
ways: 1) as a food source (pollen), 2) as a substrate for oviposition, and 3) as a host to insect 
prey including com earworms, com borers, com leaf aphids, Rhopalosiphum maidis, and 
thrips (Smith 1965, Hodek 1973, Coll and Bottrell 1991). In the absence of insecticide use, 
beneficial insect populations may rise. In addition, nonBt com would harbor O. nubilalis, 
which would provide a food source for beneficial insects. Moreover, a wider spread on 
planting dates will create a longer period of pollen shed, thus, a valuable food source 
available over a longer time period. However, if O. nubilalis populations are reduced to low 
numbers by transgenic Bt com, this may lower populations of beneficial insects. 
Conservation of natural enemies associated with crop pests such as O. nubilalis is one of the 
most important tactics in modem integrated pest management programs (Dent 1991). 
Awareness of plant effects up the trophic system is essential in integrating host-plant 
resistance and biological control using natural enemies (Price 1981). Resistant varieties are 
generally considered to be compatible with biological control since they usually do not 
greatly affect the natural enemies of the pest species (Adkisson and Dyck 1980). 
Drought stress and Bt com. Drought stress in the context of this dissertation is 
stress incurred that residts form a lack of water. Understanding the interface between insects 
and crop plants requires the union of multiple disciplines and mterests (Welter 1993). Plant-
insect interactions are difQcult to study because it requires knowing the biology of two 
overlapping systems that may be together for a short time during each organism's life. With 
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the advent of Bt com, the opportunity exists to take a highly dynamic insect, O. nubilalis  ^and 
zissociate its response to Bt within the dynamic growth of a com plant. Plants not only have 
to deal with insects, but they must combat water loss to neighboring plants, plant diseases, 
lack of soil nutrients and acclimate weather conditions. With transgenic Bt com, an 
environmental stress, specifically drought stress, may affect the plant's ability to produce the 
Bt protein. Different levels of protein within the tissues will also affect control of O. 
nubilalis larvae. 
Expression of the Bt gene in transgenic com is affected using either the cauliflower 
mosaic virus (CaMV) 35S promoter or a combination of the phosphoenolpyruvate 
carboxylase (PEPC) promoter and a pollen specific promoter (Koziel et al. 1993). Different 
promoters allow expression of the Bt protein in different tissues of the plant. The CaMV 
promoter is a constitutive promoter causing expression in all tissues, which is beneficial 
because O. nubilalis feed on all aboveground tissues of a com plant (Mason et al. 1996). The 
PEPC promoter in combination with the pollen specific promoter have high expression in 
leaf and pollen tissues, but low expression in the kernels and pith allowing survival of late 
second generation com borers. In addition, Bt protein expression is not consistent across all 
tissues of a com plant. The levels of expression are highly variable, even within a single 
transformation event One reason for the differences between events is the placement of the 
gene within the genome of the plant. Experimentation with protein quantification is very 
difficult because there is variability across plants using the same genetic event In addition, 
different genetic events have the potential to respond differently to environmental stresses 
based upon the promoters used and the modifications of the gene (Laura Privalle, personal 
communication). The successful control of O. nubilalis will depend on the type of stress 
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placed on the plant, ^^ere in the plant the stress has the greatest effect, and where on the 
plant com borers feed. 
Water, available in the necessary amounts at the appropriate times, is crucial to the 
very lives of plants. Many processes involved in plant growth, including cell enlargement, 
cell wall synthesis and protein synthesis, are extremely sensitive to water deficits 
(Gershenzon 1984). Water status is generally expressed as water potential. In plant tissues, 
the operational equation for total water potential is \|/w= M/p + i|/s (Holtzer et al. 1988). "P" 
refers to the pressure potential in the plant measured in MPa and "S" is the solute potential. 
The Bt protein would be considered a plant solute or secondary metabolite. The gradient of 
water potential generally moves in the following order: soil > root > stem > leaf > 
atmosphere (Salisbury and Ross 1992). Plant drought stress is determined by soil water 
availability and by the evaporative demand of the atmosphere (controlled by temperature and 
humidity). 
A typical response to drought stress is for plants to actively add solutes as i|/w 
decreases because growth, stomatal opening, and other crucial plant processes are dependent 
on v|;p (Holtzer et al. 1988). Secondary metabolites may accumulate in foliage dviring periods 
of drought stress because 1) plant growth is reduced more than is synthesis of ailelochemicals 
and thus there is less plant tissue to "dilute" these compounds and /or 2) synthesis of 
ailelochemicals is enhanced because greater quantities of carbon and nitrogen become 
available as a result of both slower growth and hydrolyzing of starch and protein (Mattson 
andHaack 1987). 
In regards to the Bt protein, one hypothesis might be that during drought stress, the 
proteins would accumulate in com tissues due to a decline in protein synthesis (Gershenzon 
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1984). Older literature suggests that at the onset of severe water stress, there is such a 
dramatic reduction in protein that one could suspect protein degradation in addition to 
reduced protein synthesis or even complete cessation of protein synthesis (Shiralipour and 
West 1968). Conversely, Lilbum et al. (1991) concluded that dry growing conditions would 
significantly increase the protein content of com. One of the drawbacks of the Bt protein is 
that it breaks down over a short period of time. If the plant slows or stops protein synthesis, 
Bt protein expression would probably initially be high and then drop off dramatically due to 
protein breakdown leaving the plant vuhierable to O. nubilalis attack. Mattson and Haack 
(1987) state that, "as drought stress becomes more severe, a series of physiological and 
biochemical changes systematically occur within the plant As a result, drought-stressed 
plants may at first become more capable but then less and less capable of defending 
themselves against herbivory as stress intensifies". Therefore, even though a variety of 
secondary metabolites are more abundant in drought-stressed plants, the specific role and 
importance in osmotic regulation of the individual solutes (including Bt) and the mechanisms 
leading to their change in concentration within different tissues is not well imderstood 
(Holtzer et al. 1988). One advantage to measuring Bt protein expression is that amounts can 
be quantified accurately and therefore any correlation to expressional differences of Bt due to 
water loss can be measured. 
Biotechnology has provided a very effective tool in Bt com to be utilized in pest 
management programs. Having a new tool to use is very advantageous, but one of the main 
obstacles to using any new technique is the lack of understanding its potential weaknesses. 
Transgenic plants utilize internal physiological mechanisms to protect themselves firom pests, 
but if environmental effects on these plants are not better understood, growers may suffer 
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losses caused by unknown effects. Herbivore outbreaks are due to qualitative or quantitative 
changes in host plants, \^ch are usually caused by environmental stresses (Mattson and 
Haack 1987). Increases or decreases in Bt protein expression will effect not only the control 
potential, but could alter other physiological responses in O. nubilalis. For example, a 
decrease in Bt expression could allow some com borers to receive a sublethal dose, which 
has implications for the development of O. nubilalis resistance. In addition, determining the 
response of Bt expression to drought stress may provide indications on where it would be 
less desirable to grow Bt com based on the potential for dryer growing conditions. 
Objectives 
1) To characterize the use of planting dates as a cultural management technique for 
managing O. nubilalis with transgenic Bt com and non-Bt com 
a) To determine how different phenological stages of transgenic Bt com and 
non-Bt (near isogenic) com affect egg-laying preferences of O. nubilalis 
adults and to quantify the subsequent crop injury. 
b) To determine how different phenological growth stages of com planted 
over time affect natural enemy population dynamics and how transgenic 
Bt corn's effect on O. nubilalis population dynamics affects natural enemy 
populations. 
c) To evaluate the jaeld results from the planting time study and determine 
the economic feasibility of using planting dates in implementing Bt com 
into an integrated pest management system. 
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2) To determine the effect drought stress has on the production of Bt protein in the 
leaves of two different transgenic com events and quantify the interaction between 
protein expression and the level of O. nubilalis control. 
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EFFECTS OF PLANTING DATES AND BACILLUS THURINGIENSIS CORN 
ON THE POPULATION DYNAMICS OF EUROPEAN CORN BORER 
(LEPIDOPTERA: CRAMBIDAE) 
A paper to be submitted to the Journal of Economic Entomology 
Clinton D. Pilcher and Marlin E. Rice 
Abstract 
Field studies were conducted to determine the effect of phenological stages of 
transgenic Bacillus thuringiensis Berliner (Bt) com and non-Bt (near isogenic) com on egg-
laying by European com borer, Ostrinia nubilalis (Htibner), females and subsequent larval 
injury to the field com, Zea mays L. Transgenic Bt (events 176 and Btl 1) and isogenic com 
was planted at three different times to assess the use of early- and late- planted Bt com as a 
trap crop. Plant growth stages, egg densities, Guthrie leaf damage ratings, stalk tunneling 
and ear-tip feeding was recorded at four locations in southwestern, central, and northem Iowa 
for 3 summers (1996-1998). Similar egg densities were observed on Bt and isogenic com 
during the first and second generation. Significant differences occurred among planting 
dates. Between 50 and 100% of the eggs were laid in the early planting during the first 
generation. In addition, between 40 and 65% of the eggs were laid in the late planting for the 
second generation. Correlations between egg density and larval tunneling were inconsistent 
from year to year. The early planting of Bt com provided the most benefit in northem Iowa; 
however, the later planted Bt com provided the most benefit in southern and central Iowa. 
Yearly phenological differences among sequential plantings and inconsistencies in the O. 
nubilalis populations produced highly variable results. 
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Introduction 
The European com borer, Ostrinia nubilalis (Hflbner) (Lepidoptera; Crambidae), 
persists as a pest of field com, Zea mays L., since its introduction and spread across the 
United States that began in the early 1920s (Caf&ey and Worthley 1927). This insect has one 
to four generations, depending on latitude; however, throughout the central Com Belt where 
most field com is grown, two generations occur (Mason et al. 1996). First generation larvae 
feeding on whorl-stage com leaves and within the stalk can cause 5-6% yield loss per larva 
(Bode and Calvin 1990). Second generation larvae feed on the ear, ear shank, and stalk, 
causing 2—3% yield loss per larva during reproductive st^es of com growth (Bode and 
Calvin 1990). Populations of 2°'' generation larvae have reduced yields by as much as 33-37 
bushels per acre in Iowa (Rice 1994,1998). Yield losses and control expenditures associated 
with O. nubilalis cost farmers more than 1 billion dollars annually (Meison et al. 1996). 
Historical management options for first generation larvae include planting 
intermediate resistant hybrids early or planting a susceptible hybrid early and scouting to 
predict the larval population density, establish an economic injury level, and applying an 
insecticide if needed. For second-generation larvae, scouting and applying one or two well-
timed insecticide applications is recommended (Mason et al. 1996). These control options 
are based on utilizing the activity of DIMBOA (2,4-dihydroxy-7-methoxy-(2/0-l,4-
benzoxazin-3(4/0-one) in some intermediate resistant hybrids, knowing the preference of 
emerged overwintering O. nubilalis adults to lay eggs in early-planted com, and calculating a 
cost-benefit analysis to determine the potential profit or loss per acre in using insecticides for 
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each generation (Mason et al. 1996). Survey results indicate, however, that 70-80% of Iowa 
and Minnesota com farmers have never used insecticides to manage O. nubilalis (Rice and 
Ostlie 1997). This reluctance to use insecticides exists even though 68 and 88% of ag-
chemicai professionals and crop consultants, respectively, base their recoicmendations on 
scouting and use of economic thresholds. Insecticide treatments have been recommended by 
ag-chemical professionals and crop consultants at a rate of 2 to 1 over the frequency of use by 
farmers (Rice and Ostlie 1997). Rice and Ostlie (1997) inferred that there were seven broad 
reasons why farmers do not manage O. nubilalis'. historic inaction, hidden yield losses, 
reluctance to scout, logistical bumout, capital doubts, cviltiu^ competition, and insecticide 
concerns. New management options are needed that are simpler to use, easier to incorporate 
into a farming system, and will reduce economic losses caused by O. nubilalis. 
Since 1996, farmers could grow genetically engineered field com that expresses 
crystal proteins derived from Bacillus thuringiensis Berliner (Koziel et al. 1993, Armstrong 
et al. 1995, Jansens et al. 1997). Transgenic Bt com ofifers many agronomic, economic, and 
environmental benefits, which should decrease farmer apprehensions about managing O. 
nubilalis (Rice and Pilcher 1998). Com referred to as transgenic Bt com describes a com 
hybrid that has had a gene from B. thuringiensis inserted into its genetic makeup allowing it 
to produce a crystalline protein. Isogenic com is the identical genetically similar hybrid 
without the B. thuringiensis gene insertion. Farmers from six Com Belt states that grew Bt 
com in 1997 were asked if this technology had changed their perspective on the amount of 
loss caused by O. nubilalis. Almost 52% of the fanners believed O. nubilalis caused more 
yield loss then they had previously thought (Pilcher et al. unpublished data). With the advent 
19 
of transgenic com products, strategies for managing O. nubilalis and other insect pests could 
radically change. 
One concern and potential limitation is that insects will develop resistance to 
transgenic products derived from B. thuringiensis. Several strategies have been proposed for 
managing insect adaptation to transgenic plants (Georghiou and Taylor 1986, Gould 1988, 
Tabashnik 1989, Mallet and Porter 1992, McGaughey and Whalon 1992, Alstad and Andow 
1995, Kennedy and Whalon 1995, Roush 1996a-b, ELSI1998). Based on the history of 
insects developing resistance to B. thuringiensis, theoretical predictive modeling, and 
proposals by several insect resistance management working groups, two strategies are 
deemed to be the most effective, namely high-dose and refuge (Tabashnik et al. 1990, Alstad 
and Andow 1996, Ostlie et al. 1997, Gould 1998, McGaughey et al. 1998, Onstad and Gould 
1998b, ILSI 1998). However, there are differences in opinion on what constitutes an 
effective refuge and the size of the refuge. Furthermore, there is limited knowledge on how a 
refuge would be best implemented. McGaughey et al. (1998) and ILSI (1998) address the 
need for research into practical aspects of implementing and managing refuges. Much 
research related to transgenic crops has focused on resistance management, but less attention 
has been centered on population dynamics of target pests (Gould 1998) and how transgenic 
crops may be integrated to suppress populations on a seasonal, field by field basis. 
Resistance management is most effective when used in the context of an integrated pest 
management (IPM) system (Metcalf 1980). The main concept of IPM is to maintain a 
quality environment while reducing pest status using multiple methods of control: host-plant 
resistance, cultural, biological, mechanical, and chemical controls (Pedigo 1999). 
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Growers have a history of preferably using cultural management techniques over 
insecticides when managing O. nubilalis (Rice and Ostlie 1997). One cultural tactic that is 
rarely used in managing this insect is the adjustment of planting dates. It has been 
established for many years that O. nubilalis adults exhibit preferences to com during certain 
stages of development (Caffrey 1919, CafiBrey and Worthley 1927, Mason et al. 1996). 
Females from the overwintering populations prefer to lay their Srst-generation eggs in the 
tallest, earliest-planted com in the area. Females from the first generation prefer to lay the 
second generation eggs on late-planted com, which is typically less physiologically mature 
(R1 stage, silking) and more succulent than the earliest-planted com. (Ritchie et al. 1993, 
Mason et al. 1996). In 1995, growers were asked to select a potential resistance management 
strategy that would be compatible with their farming operation. Thirty-two percent preferred 
planting a specified ratio of Bt com to isogenic com at different times in an attempt to use the 
Bt com as a preferred host during peak O. nubilalis egg-laying periods (Pilcher and Rice 
1998). Adjusting planting dates could be a more viable option when using transgenic com as 
an additional pest management tool. 
Altering planting dates and using transgenic com as a trap crop for egg recruitment 
has been modeled and discussed as a possible strategy for consideration (Alstad and Andow 
1995, Ostlie et al. 1997, Onstad and Gould 1998a). Alstad and Andow (1995) suggested that 
planting 50% transgenic com early followed by a later planting of 50% isogenic com could 
lower insect density in the isogenic com by 83 and 53% for first- and second-generations, 
respectively. Corresponding reductions in a random non-preference patchwork were 38 and 
29% for first- and second-generations, respectively using the same simulations. Alstad and 
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Andow (1995) suggested planting only part of the land with transgenic com and that 
restricting those varieties to the earliest, most attractive plantings would delay the evolution 
of resistance and reduce insect densities in isogenic fields. Onstad and Gould (1998a) 
support theu: conclusions and add that using this planting scheme would allow a grower to 
plant less transgenic com while still obtaining significant reductions in the O. nubilalis 
population. 
Research has shown that planting com early can provide the following benefits: 
greater yields, shorter plants, lower ear height, earlier pollination, reduced barrenness, grain 
fill during longer day lengths, greater plant response to fertilizer, earlier harvest, reduced 
grain drying time, and more acreage planted to full-season hybrids (Carter 1984). Iowa State 
University Extension recommends that field com be planted between April 20 and May 10 
(Phiri 1992, Benson 1995). Yield potential declines by 10 to 20% if planting is delayed until 
May 20 and Jime 1, respectively (Benson 1995). Most farmers find difficulty planting all 
com by May 10; in fact, over the past five years, on average, only 53% of Iowa's com acres 
have been planted by the May 10 recommended date (NASS 1998). Many farmers delay 
planting on some acreage to avoid crop losses from late freezes or weed problems (Board of 
Agriculture 1989). Developing a creative planting strategy by adjusting the planting 
sequences of transgenic and isogenic com as a cultural pest management tool may allow for 
consideration of other pest management options like biological control (Pilcher et al. 1999). 
The objectives of this study were to determine how different phenological stages of 
transgenic Bt com and non-Bt (near isogenic) com affect egg-laying preferences of O. 
nubilalis adults and to quantify the subsequent crop injury. 
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Materials and Methods 
Three years of data (1996-1998) were collected at four Iowa State University research 
farms including: 1) Armstrong Research Farm, Lewis, in southwestern Iowa; 2) Bruner 
Farm, Ames, in central Iowa; 3) Northeastem Research Farm, Nashua, in northeastern Iowa; 
and 4) Northern Research Farm, Kanawha, in north central Iowa. Locations were chosen for 
two reasons; 1) Ostrinia nubilalis show differences in duration of flight period from 26-30 d 
in southwestern Iowa, compared to 36-40 d in northeastem Iowa (Dennis Calvin, personal 
communication); and 2) com hybrids respond differently across the state to variation in day 
length and length of growing season. Field maintenance, including fertilizers, herbicides, and 
tillage, was completed by each research farm manager based on normal practices for their 
locations. 
At each location, except Kanawha, there were two separate field studies to evaluate 
different B. thuringiensis genetic events that vary in O. nubilalis efficacy (Rice 1997). One 
study evaluated event 176 (Knock<9i/r™, Novartis (Ciba) Seeds, Greensboro, NC) by 
planting MAX454 (1996-98) as the transgenic hybrid at each location, and 4490 (1996) or 
4494 (1997-98) as the isogenic non-Bt hybrids. The second field study at each location, 
except Kanawha, evaluated event Btl 1 (YieldGard™, Novartis (Northrup King) Seeds, 
Minneapolis, MN) by planting the following: N6800Bt and N6800 (1996: Lewis, Ames, 
Nashua), N7333Bt and N7333 (1997-98: Lewis, Ames), N4640Bt and N4640 (1997-98: 
Nashua). All hybrids were 110-112d maturity hybrids, except N4640, which was a 102-
106d maturity hybrid. 
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A split-plot design was used for each experiment with com type (6t com and isogenic 
com) as the main plot and planting time as the split-plot Three planting time treatments 
were used with target planting dates as follows: early (April 20-30), middle (May I-IO), and 
late (May 10-20) (Table 1). Each of the three plantings was targeted to be approximately 10 
d apart. Each com type by planting date combination was replicated in four blocks, with 
planting times randomized within main plots and main plots randomized within blocks. 
Individual plots were 21-30 m (70-100 ft) long (depending on location) and 24 rows wide. 
Plots were planted using 0.76 m rows at a seed rate of68,400-71,100 seeds per hectare 
(27,700-28,800 seeds per acre), depending upon the site. The seeding rate was constant 
across all planting dates within each year and location. 
Seven measurements were recorded. The com growth stage (Ritchie et al. 1993) of 
each planting time was recorded weekly during each O. nubilalis flight period. Weekly egg 
mass counts were recorded during the first and second flight periods. Eggs were counted on 
all leaves of whorl-stage plants for the first flight. During the second flight, eggs on the ear 
leaf and three leaves above and below the ear leaf were counted (Mason et al. 1996). For 
each egg mass sample, 8 plants per plot (4 each in rows 9 and 16) (based on 10% precision 
estimates firom 12-plant counts taken in 1996) were counted. The same 8 plants were 
monitored throughout the growing season and counted egg masses were marked so they 
would not be re-counted on sequential weeks. However, this was only done in 1997 and 
1998; in 1996, egg masses were re-counted (if still present) in subsequent weeks. Sampling 
of egg masses began in early- to mid-June, when all plants had emerged following the final 
field cultivation. Guthrie leaf ratings (1-9 scale; 1 = no leaf injury, 9 = greatest leaf injury) 
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(Guthrie et al. 1960) were used to measure injury from first generation larvae and were 
recorded at least two weeks following termination of the first flight period. Eight plants (4 
each in rows 8 and 17) were rated for leaf injury. Stalks and ear shanks were split with a 
knife, and tunneling was used to measure total stalk injiny from the first and second-
generation larvae. Separate tunnels were combined for each stalk and the total amount of 
timneling in inches was recorded. Eight plants were sampled, 4 each in rows 8 and 17. 
Injury estimates were not taken in the middle eight rows of each plot to improve accuracy in 
jdeld data. Larvae were counted in the ear tip after second-generation larvae reached the 4"'-
5* stadium. Husks fix>m 8 ears were removed, and larvae on the kernels or in the cob were 
coimted. Natural enemy abundance was measured during each O. nubilalis generation 
(Pilcher 1999). Plant populations, grain moisture, and grain yields were recorded after plant 
physiological maturity was reached (Pilcher 1999). Grain was mechanically harvested from 
the middle 8 rows of each plot. 
Statistical Analyses. At each location, Ciba (event 176) and Northrup King (event 
Btl I) were analyzed separately. Within each year, each location (Lewis, Ames, Kanawha, 
and Nashua) and O. nubilalis generation (first and second) were analyzed separately due to 
differences in O. nubilalis populations and seasonal com growth patterns. However, the 
figures presented represent combined data from each event. Analyses results can be observed 
in the tables. The main plots (com types = transgenic Bt com and isogenic com), split plot 
(planting times = early, middle, and late), and subsplit plots (sampling date) were subject to a 
split-split plot ANOVA (Little and Hills 1978). Our null hypothesis was that one-third of the 
egg masses would be laid in each planting date for each generation. Therefore, our 
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hypothesis tests were used to determine significance for the following treatment effects: com 
type (Bt com and isogenic com), planting date (early, middle, late), com type by planting 
date, sampling date, sampling date by com type, and sampling date by planting date. Each 
generation of stalk tunneling was analyzed separately using a split-plot ANOVA using com 
type and planting date. In addition, Guthrie ratings and O. nubilalis larval counts were 
subject to a split-plot ANOVA. Correlation analyses were used to compare each O. nubilalis 
generation in egg mass densities for each year and at each location. The same analyses were 
applied to the stalk tuimeling results; however, only the isogenic com was analyzed because 
Bt com did not have much stalk tunneling. In addition, second generation tumieling was 
calculated by subtracting the first generation means from the total tunneling. Correlations 
were run on the means from each plot because different plants were used for each sampling. 
Correlation analyses were also conducted to determine how well egg mass densities 
correlated with stalk tunneling for each planting time at each location across years. 
Regressions were used to describe the relationship among planting dates between generations 
for O. nubilalis egg masses. Regressions were also used to determine relatedness among 
planting times between mean number of O. nubilalis egg masses per plant and mean inches 
tunneling per plant for each generation. Significance for all statistical tests was set at P = 
0.05. 
Results 
Phenological differences in com growth. There were considerable differences 
among years in planting conditions and seasonal growth patterns. In 1996, poor planting 
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conditions presented difficulties in obtaining the desired 10-day separations in planting dates 
(Table 1), but this did allow for meaningful growth differences (4-6 growth stages) among 
planting times in Lewis and Ames (Fig. la-b). However, soil conditions delayed emergence 
of the early planting in Kanawha and Nashua, which caused the early and middle plantings to 
be similar in growth patterns (Fig. Ic-d). In 1997, planting and growing conditions were 
good. Planting dates were closer to the desired protocol (Table 1) averaging just under 13 
days per separation. Therefore, plant stage differences (Fig. 2a-d) throughout the growing 
season were less distinct, especially during reproductive stages, compared to 1996. In 1998, 
spring planting conditions were ideal in Ames, but rains and cool soil temperatures delayed 
some plantings in Lewis, ICanawha, and Nashua. In addition, windstorms in late Jime caused 
80-90% plant lodging at Kanawha, so the site was abandoned. Although physiological 
maturity occurred 2-3 weeks earlier in 1998 at the other three locations (Fig. 3a-c), 
phenological growth differences among planting times were apparent during whorl and 
reproductive stages. 
Ovipositionai preferences and egg mass densities. Statistical analyses are 
represented in each table by showing the results from hypothesis tests conducted using a 
split-split plot ANOVA (Table 2 & 3). For example, in Table 2 (egg mass densities), at 
Lewis in 1996, during the first flight in June, there were three sampling dates (Fig. 4a), two 
com types (6t com and isogenic com), and three planting dates. The model was significant 
(F = 2.72; df = 71, 792; P < 0.0001); individual hypothesis tests show significance among 
planting dates (F = 29.9; df = 2,12; P < 0.0001), sampling dates (F= 11.81; df = 2,36; P < 
0.0001) and sampling date by planting date interaction (F= 6.57; df = 4, 36; P = 0.0004) 
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(Fig. 4A). However, three other tests were not significant including com type (Bt com and 
isogenic com) (F=2.16; df= 1,3; P = 0.2380), com type by planting date (F= 0.59; df= 2, 
12; P = 0.5720), and sampling date by com type (F= 0.57; df = 2,36; P = 0.5717). The 
analyses are presented in the tables and the above description can be compared to the 
phenological differences in com growth observed in Figure 1 A. 
No significant differences were observed in egg mass densities between Bt and 
isogenic com during all three years at each location and for each study (Table 2 & 3), except 
the Northrup King plots at Lewis in 1998 where more egg masses were found in Bt com 
during the first generation (Table 3). Significant differences were observed among planting 
dates, sampling date, and sampling date by planting date interactions at each location for each 
hybrid studied in 1996. Preferences of the first O. nubilalis flight for the early planting date 
and the second flight for the late planting date is observed at each location (Fig. 4ar-7a) 
except Nashua (Table 2), where preferences for the early and middle plantings were similar, 
but significantly different firom the late planting. First generation O. nubilalis density was its 
highest of the three years in 1996 at Kanawha (Fig. 6a) and Nashua (Fig. 7a) where egg mass 
densities averaged 0.26 and 0.22 egg masses per plant in the early planting, respectively. 
Less separation occurred among planting dates in 1997, and therefore, time periods 
where adults showed a preference for early or late plantings were more succinct, and 
synchronization of oviposition with a particular growth stage was more apparent (Fig. 4b, 5b, 
and 6b). Again, Nashua (Fig. 7b) was the exception, where preference for the late planted 
com occurred throughout the second flight period, but egg mass densities were also about 7 
times lower in Nashua compared to the other locations. Due to the low densities. 
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significance among planting dates was only observed for the second generation in the 
Northrup King plots at Nashiia (Table 3). There was a tendency for females to prefer the 
middle planting during the first flight in Nashua, laying 20% more eggs than in the early 
planting (Table 2 & 3). Significance among planting dates, sampling dates, and sampling 
date by planting date interactions was primarily observed during the second generation at 
Lewis, Ames, and Kanawha (Table 2 & 3). At these three locations, the late planting 
recruited 10-25% more eggs than the middle or early plantings averaging 0.35,0.46, and 
0.28 egg masses per plant at Lewis, Ames, and Kanawha, respectively. During the second 
generation, egg density typically peaked >^en early and middle plantings were in late silking 
(brown silk) or blister stage (R2) while the iate-planted com was silking (green silks) (Fig. 
4b-6b). 
In 1998, O. nubilalis egg densities were low at all locations during the first flight 
period. In conjunction with the vigorous early-season com growth (Fig. 3), O. nubilalis egg-
laying peaked 7—10 d earlier compared with the previous two seasons (Fig. 4c, 5c). The low 
egg densities may account for the lack of significant differences across planting dates at 
Ames and Nashua (Table 2 & 3). Higher egg densities were observed at Lewis during the 
second generation resulting in significance among planting dates (Fig. 4c). At Lewis and 
Ames, 33 and 14% more eggs, respectively, were laid in the late planting compared to the 
middle planting (Fig. 4c, 5c). 
First and second-generation egg mass densities were compared to each other to 
determine how the two variables might be related (Fig. 8). In 1996, across all study 
locations, there was a highly significant negative correlation between generations (r = -
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0.2251; df = 1,008; P < 0.0001). Similar results occurred in 1997 (r = -0.1070; df = 672; P = 
0.0055). In 1998, however, the correlation was not significant (r = 0.0347; df = 576; P = 
0.4065). In 1996 and 1997, the negative slope shows that an increase in egg recruitment 
during the first generation in a particular planting led to a decrease in egg recruitment during 
the second generation in the same planting. The strongest negative correlation occurred in 
1996 when planting times were spread out and more eggs were concentrated in the early and 
late plantings (Table 2 & 3). Planting times were closer together in 1997 and egg mass 
densities were less concentrated in the early and late plantings. Egg densities were too low to 
observe a significant correlation in 1998. Egg density correlations were also run for each 
location across the three years. Highly significant negative correlations between generations 
were observed at Lewis (r = -0.1192; df = 672; P = 0.0020), Ames (r = -0.0795; df = 672; P 
= 0.0394), and Kanawha (r = -0.2730; df = 240; P < 0.0001), but not Nashua (r = -0.0015; df 
= 672; P = 0.9693). Regressions were used to determine the relationship among planting 
dates between first and second-generation egg mass densities (Fig. 8). The middle planting is 
located below the regression line in 8 out of 10 comparisons (Fig. 8); therefore, these data 
suggest that early and late-planted com recruit adults away from the middle planting during 
the first and second flights, respectively. In Kanawha and Nashua, the middle planting is 
closer to the early planting and indicates that less phenological separation in com growth 
occurred with the hybrid maturities used in these locations. The regression coefficient 
(slope) shows the extreme differences between generations in egg densities. First generation 
density was low compared to the second generation at all locations every year, except at 
BCanawha and Nashua in 1996 (Fig. 8a). 
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Guthrie ratings and larval counts. Guthrie ratings were used to rate the amount of 
first generation leaf injury (Table 4 & 5). Leaf injury was almost completely absent in Bt 
com and v^en compared to isogenic com, the differences were significant in most cases 
except where the amount of injury was too low for significance to occur, as in 1998. Shot-
hole injury and elongated lesions were present to a greater extent in isogenic com at 
BCanawha and Nashua in 1996, which corresponds to the observed results in plant growth 
stage differences (Fig. Ic-d), egg densities (Table 2 & 3), and stalk tunneling (Table 6 & 7). 
In 1996, Guthrie leaf ratings in the middle plantings of event 176 plots in Kanawha (3.83) 
and Nashua (3.23) were similar to the early plantings, 3.60 and 2.56, respectively (Table 2). 
Similar patterns were observed in 1997 and 1998. In contrast with Nashua, other locations 
had significantly greater injury to the early planting dates. 
Ostrinia nubilalis larvae in the ear were counted as an indicator of ear damage and the 
number of sxuviving larvae in each planting date. In 1996, few significant differences were 
observed in O. nubilalis densities between event 176's Bt and isogenic com (Table 4). In 
contrast, every comparison between Northrup King's Bt and isogenic com was significant 
(Table 5), with very few larvae surviving on the ear tips of Bt com. Significant differences 
were not observed among planting dates in Northrap King's hybrids in 1997. However, 
significant differences did occur among planting dates at Lewis and Ames in Ciba's hybrids. 
In 1998, population densities were lower, but larvae were still concentrated in the late-
planted isogenic com at Ames and Nashua. In several of the comparisons where significance 
occurred among planting dates, larval density decreased in the middle and late plantings of Bt 
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com compared to an increase in larval density in middle and late plantings of isogenic com 
(Table 4). 
Stalk timneling injury. Most of the stalk tunneling occurred in isogenic com (Table 
6 & 7). The percent reduction in stalk tunneling for the first generation was very high for 
each of the Bt hybrids: 99% for event 176 Bt com and 100% for event Btl 1 Bt com. There 
were differences between the two Bt events in second generation O. nubilalis protection. 
Event 176 Bt com provided 72% less stalk tunneling injury in the early-planted com, 81% in 
the middle-planted com, and 81% in the late-planted com Event Btl 1 Bt com provided 
100% protection fix)m stalk tuimeling injury in the early-planted com and 100% protection in 
the middle and late plantings during the second generation (Table 7). 
First and second generation tunneling was compared to determine if similar patterns 
occurred that were observed in egg mass densities. To conduct this analysis, the mean for 
each plot was used because different plants were sampled for each generation. Also, because 
there was less tuimeling in Bt com and a different response among planting dates, only the 
isogenic com was used for this analysis. Within each year across all locations, significant 
negative correlations were observed: 1996 (r = -0.4919; df = 84; P < 0.0001), 1997 (r = -
0.2349; df = 84; P = 0.0315), and 1998 (r = -0.3177; df = 72; P = 0.0065). Plots that had 
higher amounts of tunneling during the first generation were timneled less during the second 
generation. When correlations were completed for each location across years, observations 
were different from what was observed for each year across locations. Results were as 
follows: Lewis (r = -0.1770; df = 72; P = 0.1370), Ames (r = 0.0698; df = 72; P = 0.5604), 
BCanawha (r = -0.7228; df = 24; P = 0.0001), and Nashua (r = -0.1395; df = 72; P = 0.2426). 
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Differences among planting dates occurred in 1996 and 1998 (Table 6 & 7). In 1997, 
damage to com was less during the first generation, compared to 1996, but considerably 
higher during the second generation. In general, during 1996 and 1998, the early-planted 
com averaged more tunneling per stalk compared to the middle and late plantings fix)m first 
generation damage at Lewis, Ames, and Kanawha. At Nashua, the damage was prevalent in 
the middle planting for both first and second generations, which is similar to what was 
observed with egg densities (Table 2), Guthrie ratings, and larval counts (Table 4). The total 
tunneling reported in Table 6 and 7 represents the tunneling firom the first and second 
generation recorded at the end of the summer (Table 6 & 7). The late-planted com averaged 
more tunneling than the early and middle plantings firom the second generation at Lewis, 
Ames, and Kanawha. Event 176 Bt com followed a similar pattem to what was observed 
with the larval counts (Table 4). The amount of com borer tunneling increases firom the early 
to late plantings in isogenic com, but in Bt com, the amoimt of tunneling was either less or 
similar to the early and middle plantings (Table 6). 
Egg mass density and stalk tunneling. Coirelation analyses were conducted to 
compare O. nubilalis mean egg mass density to mean inches stalk tunneling in isogenic com. 
Analyses were conducted by year, location, and planting date. Each analysis resulted in a 
positive correlation that was highly significant, except for differences observed for each 
planting date within separate locations across years. At Lewis, mean egg mass counts were 
highly correlated to tunneling damage for each planting date: early (r = 0.7187; df = 48; P < 
0-0001), middle (r = 0.6919; df = 48; P < 0.0001), and late (r = 0.4590; df = 48; P = 0.001). 
Results were similar at Ames: early (r = QJIAZ-, df = 48; P < 0.0001), middle (r = 0.5179; df 
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= 48; P = 0.0002), and late (r = 0.6547; df = 48; < 0.0001). Mixed results were observed at 
Kanawha. Egg mass densities were not highly conelated with the amount of tunneling 
damage for the early planting date (r = 0.3715; df = 16; P = 0.1566). The middle planting 
did show a significant relationship (r = 0.5872; df = 16; P = 0.0168) as did the late planting 
(r = 0.5692; df = 16; P = 0.0214). At Nashua, egg mass density was related to tunneling in 
the early (r = 0.3307; df = 48; P = 0.0217) and middle plantings (r = 0.4786; df = 48; P = 
0.0006), but not in the late planted com (r = 0.2310; df = 48; /* = 0.1141). 
Regression lines were used to better understand the relationship among the planting 
dates between mean egg masses per plant and mean inches tunneling per plant in isogenic 
com (Fig. 9-14). The most consistent relationship between egg mass density and stalk 
tunneling occurred at Lewis (Fig. 9-14). In general, as egg density increased, so did the stalk 
tunneling in the early and middle plantings for the first generation (Fig. 9a^l4a) and late and 
middle plantings during the second generation (Fig. 9b-14b). In 1997, however, stalk 
tuimeling increased very little with increasing egg mass density across planting dates (Fig. 
11-12; Table 6). Ames results were less consistent from year to year. From the first 
generation, 1996 and 1998 data are similar showing a positive regression coefficient Avith a 
strong relationship between egg laying and turmeling, but 1997 results are different in the 
event 176 plots, with fewer egg masses resulting in more tunneling and a negative slope (Fig. 
1 la). However, Northrup King plots were more consistent with stalk turmeling, increasing 
with increasing egg mass density and moth preference for the early, followed by the middle 
planting (Fig. 12a). For the second generation, egg density made little difference among 
planting dates in 1996 (Fig. 9b). In 1997, no differences occurred among planting dates for 
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stalk tunneling (Table 6 & 7), but significant differences did occur among planting dates for 
egg mass density (Table 2 & 3). 
In Kanawha, first generation stalk tunneling increased as egg mass density increased 
during both years (Fig. 9a & 1 la). For the second generation, egg density made little 
difference in nmneling, even though significant differences occurred in egg mass densities 
both years (Table 2). No significant differences occurred among planting dates for inches 
tunneling either year (Fig. 9b & 1 lb). At Nashua, there was no consistent relationship 
between egg mass density and stalk tunneling (Fig. 9-14). The middle planting date in the 
Ciba plots was the preferred site of oviposition during the first flight period. In addition, an 
increase in egg density resulted in less tunneling per plant for the second generation. 
Plant infestation. Comparisons were made for each location among years to 
determine if there was a tendency for one planting date to have a greater percentage plant 
infestation than the others (Fig. 15). Isogenic plants with tuimeling were considered infested 
(Bt plants were not included in the comparison). At Lewis and Ames in 1996, there was litde 
variation among planting dates, with a tendency for greater infestations in the later plantings 
(Fig. 14a, b). At Kanawha and Nashua, the early and middle planting dates were similar and 
the late planting date realized a 20-25% decrease in plant infestation (Fig. 14c, d). In 1997, 
nearly 100% of the plants were infested among all three planting dates at each location except 
Nashua where 80% of each planting date was infested. In 1998, similar differences among 
planting occurred to what was observed in 1996, only at lower percent^es. 
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Discussion 
Planting dates have significant impact on }deld perfoimance of field com because 
they impact phenological growth and development and the ability to cope with environmental 
stresses. Because of this, Iowa growers are encouraged to plant before 10 May to maximize 
yields (Hicks and Wright 1987, Phiri 1992, Benson 1995). 
Different phenological stages of com greatly influence plant response to O. mibilalis 
infestation (yield loss per larva decreases as com growth stage increases) (Lynch 1980, Bode 
and Calvin 1990). In addition, the phenology of the com plant affects O. nubilalis 
ovipositional preferences (Savinelli et ai. 1988, Derridj et al. 1989). Early planting is a 
recommended cultural practice that allows farmers to manage first generation O. nubilalis 
(identifying fields that are at higher risk) and improve their chances that early silking will 
decrease the attractiveness of these plantings to adults during the second fiight (Mason et ai. 
1996). Delays in planting com increase the likelihood of overlapping the silking stage with 
peak O. nubilalis oviposition. Furthermore, Jarvis et al. (1986) determined that growers 
should plant long-season hybrids early to avoid high second-generation O. nubilalis 
infestations; if a short-season hybrid is planted late, it is more susceptible to the second-
generation infestation. In addition. Lynch (1980) determined that yield losses per unit of first 
generation infestation were greater for the susceptible, long-season hybrid than for an 
intermediately resistant mid-season hybrid, but the yield potential of the long-season hybrid 
was enough to compensate for the greater yield loss. Although early planting is 
recommended to obtain the highest yields, only 53% of Iowa com has been planted by 10 
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May during the past five years (NASS 1998) and these trends have continued for the past 2-3 
decades (Shaw 1975). 
Across most locations, phenological differences among planting dates were well 
established in this study. In 1996, those differences were extreme due to vagaries in the 
weather. We suspect that the cool, wet soil conditions caused the early and middle plantings 
to emerge one day apart in Nashua. However, one would expect similar plant phenologies 
between the early and middle plantings based on observed egg mass densities. The 
preference for the middle planting in the Ciba hybrids by the first flight was likely due to the 
slowed growth of the early planting and the quick emergence and extended growth by the 
middle planting. The growth stage of the early planting date was typically either equivalent 
to or one stage farther along at Nashua in 1996 and 1997, but the plants in the middle 
planting were slightly taller and more attractive to egg-laying adults. Phenological growth 
separations seemed to be easier to obtain in Lewis and Ames. When the Northrup King 
hybrids were changed at Nashua in 1997, these hybrids achieved physiological maturity 
sooner than the Ciba 110-112 day hybrid. Differences in phenological growth between Bt 
and isogenic varieties were not as apparent as they were among planting dates. However, 
transgenic plants did sustain growth longer as plants approached physiological maturity, 
because the harvest moisture in Bt com tended to be higher. 
The Cry 1 Ab crystal protein from B. thuringiensis in transgenic com did not affect the 
ovipositional preferences of egg-laying O. nubilalis adults. This is similar to what was 
observed by Orr and Landis (1997), where they concluded that Btcom had no antixenosis 
effect because there were equal numbers of egg masses in Bt and isogenic com. However, 
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differences in planting dates do have a significant impact on ovipositional preference. 
During the first O. nubilalis flight, adult females laid more eggs in the tallest com, which was 
typically the earliest-planted com in the study. Our data clearly show that egg-laying females 
prefer late-planted com, in particular, during the silking stage of development. Our study 
differs fiom that suggested by Alstad and Andow (1995) in that we incorporated a third 
planting date attempting to recruit ovipositing females during the second flight period. 
Females were more attracted to the late-planted com and laid a majority of their eggs in the 
later plantings. 
We predicted that recruiting a majority of the egg masses into early and late plantings 
of Bt com during the first and second generations, respectiveiy, would decrease the egg mass 
density in a middle planting of isogenic com to below economic threshold levels. We were 
able to reject our null hypothesis that one-third of the egg masses would be laid in each 
planting for each generation. However, reduction (below 33%) in the middle plantings 
compared to the change in the early and late plantings was minimal for the first generation 
across all three years, 5% at Lewis, 4% at Ames, and 0% at (Canawha and Nashua. Similar 
minimal reductions for the middle plantings were observed during the second generation, 
10% at Lewis, 0% at Ames, 9% at Kanawha, and 13% at Nashua. Although egg recruitment 
doubled (50-100% compared to 33%) in the early planting dates during the first generation, 
egg densities in the middle planting date remained roughly equivalent to what they would 
have been if all three planting dates had been planted at the same time, assuming random egg 
distribution. 
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Different phenological stages of com are attractive to gravid female O. nubilalis 
adults. However, insect populations are subject to density-independent and density-
dependent mortality factors. Successfid tunneling into a com plant is accomplished by a 
small percentage of larvae that hatch from each egg mass. In considering the use of planting 
dates in managing O. nubilalis, recruitment of eggs is the goal, but more importantly, the aim 
is to reduce or increase the amount of tunneling in targeted plantings. We theorized that Bt 
com could be used as a trap crop to recruit O. nubilalis eggs and reduce the amount of stalk 
tunneling damage that occurs in isogenic com planted during certain times in the spring 
planting sequence. To test this, consistent results needed to occur in each of three areas: egg 
density among different planting dates, stalk tuimeling that was highly correlated to egg 
density, and yield differences (Pilcher 1999) that corresponded to the former categories. It 
was hoped that it could be determined when during the planting sequence Bt com would be 
more beneficial or isogenic com would be more protected from O. nubilalis attack. 
In 1996, in addition to the differences between Bt and isogenic com, most stalk 
tunneling comparisons among planting dates were significant. However, this was most likely 
caused by the increased spread in planting dates. In 1997, there was a lack of significance 
among planting dates, and all dates were relatively equivalent for the amount of stalk 
tuimeling because nearly 100% of the isogenic plants were infested due to an outbreak of the 
O. nubilalis population. Although there was a preference for eggs to be laid in the late 
plantings, the high populations erased any potential differences in stalk tunneling among 
planting dates because numbers were still very high in the early and late plantings. In 1998, 
egg densities were low, and few differences among planting dates were observed, except in 
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Lewis. However, differences did occur in stalk tunneling among planting dates and indicated 
that siTTiilar egg densities could still lead to differences in dam^e due to different 
phenological com growth stages. In some instances, an increase in egg densities resulted in a 
decrease in tunneling. Density-dependent mechanisms including natural enemies, intra- or 
interspecific competition may be contributing to the inconsistent results (Pilcher 1999). 
Egg mass densities were highly correlated with stalk tunneling in Lewis and Ames 
when considering the two variables among planting dates across all years. However, within 
each year, significant differences among planting dates for egg mass densities did not mean 
that significant differences occurred among planting dates for stalk tunneling. In a study by 
Sorenson et al. (1993), they determined that the variation in second-generation egg mass 
numbers accounted for 70% of the variation in stalk cavity numbers. The variation in stalk 
tunneling increased and was less related to egg mass density at Kanawha and Nashua. 
Temporal adjustments in planting greatly affect the phenological development of 
com, which directly impacts O. nubilalis egg-laying preferences. Early planting dates 
recruited 50-100% of the first generation egg masses. Likewise, the late-planted com 
recruited 40-65% of the second-generation eggs, depending upon the year and location. 
While these differences were significant among planting dates, subsequent damage caused by 
surviving larvae was highly variable. Weather conditions were highly variable from year to 
year and between O. nubilalis generations each year. In addition, natural enemies could have 
contributed to the increase or decrease in larval survival (Pilcher 1999). The difference in 
tunneling between Bt and isogenic com within each planting time did not translate to 
subsequent yield losses at all locations (Pilcher 1999). 
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Our results suggest that a grower would most likely benefit by planting Bt com later 
during the planting sequence in southern and central Iowa. Egg densities were highly 
correlated with stalk tunneling and predicted 3deld differences between Bt and isogenic com 
based on stalk tunneling did occur in southwestern Iowa (Pilcher 1999). Although O. 
nubilalis densities were much lower and significant correlations between egg masses and 
stalk tunneling were rare, it seems that more benefit would come from planting Bt com early 
at Kanawha and Nashua. 
During these studies, we concluded that adjusting planting dates of Bt and isogenic 
com could provide benefits. Like predicting O. nubilalis population densities (Rice and 
Pilcher 1998), predicting when to plant Bt com to maximize benefit is precarious. If all Bt 
com is planted early and there is a light first generation with a severe second generation 
outbreak, then Bt com will likely not pay like it would have otherwise. Growers need to 
plant their Bt com based on the timeliness of the planting season. If planting is delayed, Bt 
com is more likely to be economically beneficial if planted later because delayed planting 
decre£ises chances of high first generation infestation. Our data suggest that Bt com may 
provide the greatest benefit when planted late in southwestem and central Iowa and early for 
northern Iowa. However, decision shifts and changes in planting sequence of Bt and isogenic 
com should occur if the planting progression is delayed beyond the predicted planting 
timeline. 
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List of Figures 
Figure 1. Phenological growth stage of com plants in 1996 planted on three dates at: A) 
Lewis, B) Ames, C) Kanav^iia, and D) Nashua. The line across the top represents the silking 
stage of development (Rl) (Ritchie et al. 1993). 
Figure 2. Phenological growth stage of com plants in 1997 planted on three dates at: A) 
Lewis, B) Ames, C) Kanawha, and O) Nashua. The line across the top represents the silking 
stage of development (Rl) (Ritchie et al. 1993). 
Figure 3. Phenological growth stage of com plants in 1998 planted on three dates at: A) 
Lewis, B) Ames, and C) Nashua. The line across the top represents the silking stage of 
development (Rl) (Ritchie et al. 1993). 
Figure 4. Mean egg masses per plant during first and second flight periods at Lewis in A) 
1996, B) 1997, and C) 1998. Percentage numbers represent the percent of the total for a 
particular flight. The sampling date at which the silking stage (Rl) occurs for each planting 
date is marked with an arrow. 
Figure 5. Mean egg masses per plant during first and second flight periods at Ames in A) 
1996, B) 1997, and C) 1998. Percentage numbers represent the percent of the total for a 
particular flight. The sampling date at which the silking stage (Rl) occurs for each planting 
date is marked with an arrow. 
Figure 6. Mean egg masses per plant during first and second flight periods at Kanawha in A) 
1996 and B) 1997. Percentage niraibers represent the percent of the total for a particular 
flight The sampling date at which the silking stage (Rl) occurs for each planting date is 
marked with an arrow. 
Figure 7. Mean egg masses per plant during first and second flight periods at Nashua in A) 
1996, B) 1997, and C) 1998. Percentage numbers represent the percent of the total for a 
particular flight. The sampling date at which the silking stage (Rl) occurs for each planting 
date is marked with an arrow. 
Figure 8. Relationship between mean first and second generation egg masses per plant by 
planting date for each location in A) 1996, B) 1997, and C) 1998. Kanawha data from 1998 
were not included. 
Figmre 9. Relationship between mean egg masses per plant and mean inches tunneling per 
plant by planting date in Ciba's isogenic com by location in 1996 for A) first generation and 
B) second generation. 
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Figure 10. Relationship between mean egg masses per plant and mean inches tunneling per 
plant by planting date in Northrop King's isogenic com by location in 1996 for A) first 
generation and B) second generation. 
Figure 11. Relationship between mean egg masses per plant and mean inches tunneling per 
plant by planting date in Ciba's isogenic com by location in 1997 for A) first generation and 
B) second generation. 
Figure 12. Relationship between mean egg masses per plant and mean inches tunneling per 
plant by planting date in Northrup iCing's isogenic com by location in 1997 for A) first 
generation and B) second generation. 
Figure 13. Relationship between mean egg masses per plant and mean inches tunneling per 
plant by planting date in Ciba's isogenic com by location in 1998 for A) first generation and 
B) second generation. 
Figure 14. Relationship between mean egg masses per plant and mean inches tunneling per 
plant by planting date in Northrup King's isogenic com by location in 1998 for A) first 
generation and B) second generation. 
Figure 15. Percent isogenic plants damaged fix>m stalk or ear shank tunneling by planting 
date for each year at A) Lewis, B) Ames, C) Kanawha, and D) Nashua. 
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Table 1. Planting dates at four Iowa locations over three years 
Location Planting category 1996 1997 1998 
Lewis Early 19 April 29 April 28 April 
Middle 19 May 12 May 11 May 
Late 12 Jime 21 May 27 May 
Ames Early 6 May 29 April 24 April 
Middle 21 May 14 May 6 May 
Late 11 June 23 May 18 May 
Kanawha Early 1 May 25 April 4 May 
Middle 13 May 13 May 14 May 
Late 30 May 22 May 27 May 
Nashua Early 23 April 23 April 27 April 
Middle 7 May 7 May 11 May 
Late 31 May 21 May 21 May 
Table 2. Mean egg masses per plant in event 176 and isogenic com for each planting date. 
Year Location Flight' Sig." N' SEM" Early 
Bt corn 
Middle Late Early 
Isogenic corn 
Middle Late 
Lewis 1" b.dj 864 0.003 0.22 0.08 0 0.17 0.05 0 
2nd b.dj 1440 0.011 0.14 0.23 0.76 0.09 0.23 0.81 
Ames - 1152 0.0004 0.02 0.02 0 0.03 0 0.01 
2nd b.dj 1152 0.017 0.16 0.57 0.80 0.11 0.58 0.60 
Kanawha 1" b 864 0.005 0.31 0.16 0.02 0.20 0.17 0.02 
2nd b.dj 1152 0.008 0.10 0.16 0.55 0.18 0.15 0.53 
Nashua isl b.dj 864 0.004 0.14 0.20 0.02 0.15 0.17 0 
2nd b.d.f 1152 0.008 0.20 0.17 0.41 0.21 0.11 0.49 
Lewis 1^' b 960 0.001 0.03 0.02 0 0.04 0.02 0.01 
2nd b.dj 1152 0.008 0.24 0.18 0.36 0.23 0.23 0.34 
Ames V' d 960 0.001 0.03 0.04 0.03 0.02 0.03 0.02 
2nd b.d,f 1152 0.011 0.18 0.28 0.54 0.19 0.32 0.48 
Kanawha 1^' b, c 768 0.0002 0 0 0 0.03 0 0 
2nd b.d,f 1152 0.007 0.13 0.16 0.29 0.09 0.23 0.27 
Nashua 1^' d 768 0.0004 0.02 0.02 0 0.02 0.01 0.01 
2nd d 768 0.002 0.01 0.04 0.09 0.03 0.07 0.05 
Lewis 1" d.f 768 0.0003 0.01 0.01 0 0.03 0.01 0 
2nd b.dj 1152 0.002 0.03 0.06 0.08 0.02 0.02 0.11 
Ames 1" - 1152 0.0004 0.02 0.02 0.01 0.02 0.01 0.01 
2nd d 1152 0.001 0.02 0.02 0.02 0.03 0.01 0.01 
Nashua 1" - 768 - 0 0 0 0 0 0 
2nd d 1152 0.001 0.04 0.03 0.02 0.02 0.02 0.02 
1996 
1997 
1998 
• The first European com borer flight occurs in June. The second flight occurs in late July through August. 
** Analyses completed using a split-split plot ANOVA, with significance set aiP = 0.05. Main plots were com type (Bt or isogenic 
corn); Split plots were planting dates (early, middle, late); Subsplit plots was sampling time (egg mass counts recorded on a 
weekly basis). Significance for the following error sources are denoted by the following letters; a = com type; b = planting date; c 
= com type X planting date; d = sampling date; e = sampling date X com type; and/ = sampling date X planting date. 
' N = Total number of plant samples included in the analysis 
SEM = Standard Error of the Mean (MSE/VN) 
Table 3. Mean egg masses per plant in event Btl 1 and isogenic com for each planting date. 
Bt corn Isogenic corn 
Year Location Flight* Sig." N' SEM'' Early Middle Late Early Middle Late 
1996 Lewis 1" b, c, d 864 0.001 0.08 0.01 0 0.03 0.03 0 
2nd b.dj 1440 0.007 0.10 0.17 0,45 0.13 0.23 0.46 
Ames !« d 1152 0.0004 0.02 0.02 0 0.03 0.01 0 
2nd b.dJ 1152 0.007 0.13 0.29 0.32 0.07 0.24 0.42 
Nashua 1« b,d 864 0.006 0.33 0.19 0.01 0.26 0.22 0.01 
2nd b,d,f 1152 0.004 0.07 0.08 0.30 0.06 0.08 0.30 
1997 Lewis 1" - 960 0.0003 0.01 0.02 0 0 0.01 0.01 
2nd b.dJ 1152 0.011 0.30 0.23 0.34 0.45 0.22 0.36 
Ames 1" b.dJ 960 0.001 0.08 0.03 0.01 0.08 0.03 0.02 
2nd b.dJ 1152 0.011 0.19 0.28 0.36 0.24 0.30 0.47 
Nashua 1" d.f 768 0.0003 0 0.02 0 0 0.02 0.01 
2nd b 768 0.001 0.01 0 0.02 0.02 0.02 0.09 
1998 Lewis 1^' a. b, d 768 0.0004 0.03 0.02 0 0.02 0 0 
2nd b.d 1152 0.002 0.04 0.03 0.10 0.02 0.05 0.07 
Ames isl - 1152 0.0002 0.02 0.01 0 0.02 0 0 
2nd d 1152 0.001 0.02 0.02 0.02 0 0.01 0.05 
Nashua IS. - 768 0.0001 0.01 0 0 0 0 0 
2nd d 1152 0.001 0.01 O.Ol 0.01 0.02 0.03 0.04 
** Analyses completed using a split-split plot ANOVA, with significance set at P = 0.05. Main plots were com type (Bt or isogenic 
corn); Split plots were planting dates (early, middle, late); Subsplit plots was sampling time (egg mass counts recorded on a 
weekly basis). Significance for the following error sources are denoted by the following letters; a = com type; b = planting date; c 
= corn type X planting date; d = sampling date; e = sampling date X com type; and/ = sampling date X planting date. 
' N = Total number of plant samples included in the analysis 
** SEM = Standard Error of the Mean (MSE/VN) 
Table 4. Mean Guthrie (1-9 scale) ratings per plant for first generation damage and mean number of European com borer larvae 
per ear tip for second generation in event 176 and isogenic com at three different planting dates. 
Location Flight* Date type Sig." N' SEM" Early 
Bt corn 
Middle Late 
Isogenic corn 
Early Middle Late 
Lewis 1« Rating a, b, c 288 0.033 1.06 1 1 2.81 1.77 1.04 
2nd Larvae b. c 288 0.006 0.04 0.04 0.29 0.08 0.04 0.56 
Ames 1^' Rating b 288 0.029 1.15 1 1 2.00 1.33 1.02 
2nd Larvae - 288 0.011 0.10 0.13 0.23 0.19 0.42 0.42 
Kanawha V' Rating a, b, c 288 0.053 1 1 1 3.60 3.83 1.56 
2nd Larvae - 288 0.006 0.17 0.06 0.06 0.17 0.06 0.27 
Nashua Rating a, b, c 288 0.044 1 1 1 2.56 3.23 1.10 
2nd Larvae b 288 0.009 0.08 0.08 0.13 0.23 0 0.40 
Lewis 1^' Rating a, b 192 0.071 1.09 I I 2.13 1.66 1.25 
2nd Larvae b 192 0.133 0.75 0.53 1.09 0.44 1.03 2.09 
Ames ist Rating a, b, c 192 0.098 1 1 1 3.16 3.09 2.0 
2nd Larvae a. b 192 0.013 0.06 0.22 0.34 0.03 0.28 0.34 
Kanawha 1" Rating b, c 192 0.021 1 1 1 1.72 1 1 
2nd Larvae a, c 192 0.051 0.78 0.97 0.34 0.91 1.53 1.66 
Nashua I" Rating a 192 0.044 1 1 1 1.06 1.78 1.88 
2nd Larvae c 192 0.035 0.56 0.28 0.31 0.19 0.59 0.84 
Lewis isi Rating - 192 0.172 1 1 1 1.22 1.56 1 
2nd Larvae - 192 0.008 0.03 0.09 0.09 0.03 0.41 0.28 
Ames 1^' Rating a 192 0.019 1 1 1 1.34 1.56 1 
2nd Larvae b, c 192 0.018 0.06 0.19 0.19 0.09 0.19 0.78 
Nashua Rating - 192 0.011 1 1 1 1.38 1.03 1 
2nd Larvae c 192 0.123 0.34 0.34 0 0.09 0.38 0.50 
" First generation European com borer damage was recorded in July. In August, the number of larvae per ear tip was recorded. 
** Analyses completed using a split-plot ANOVA, with significance set &lP = 0.05. Main plots were com type (Bt or isogenic 
corn); Split plots were planting dates (early, middle, late); Significance for the following error sources are denoted by the 
following letters; a = com type; b = planting date; c = com type X planting date. 
* N = Total number of plant samples included in the analysis 
** SEM = Standard Error of the Mean (MSE/VN) 
Table 5. Mean Guthrie (1-9 scale) ratings per plant for first generation damage and mean number of European com borer larvae 
per ear tip for second generation in event Btl 1 and isogenic com at three different planting dates. 
Bt corn Isogenic corn 
Year Location Flight' Data type Sig." N' SEM'' Early Middle Late Early Middle Late 
1996 Lewis 1" rating b 288 0.010 1.06 1 1 2.08 1 1 
2nd larvae a, b, c 288 0.007 0 0.02 0 0.21 0.27 0.67 
Ames 1" rating - 288 0.020 1 1 1 1.92 1.42 1.02 
2nd larvae a, b, c 288 0.019 0 0 0 0.44 0.88 1.44 
Nashua 1" rating a. b. c 288 0.042 1 1 1 4.23 3.79 1.13 
2nd larvae a, b, c 288 0.010 0 0 0 0.23 0.19 0.71 
1997 Lewis 1" rating a 192 0.038 1 1.03 1 1.41 1.41 1.66 
2nd larvae a 192 0.064 0 0 0.03 1.81 1.34 2.13 
Ames 1" rating a 192 0.081 1 1 I 3.06 2.47 2.03 
2nd larvae a 192 0.011 0 0 0 0.44 0.34 0.75 
Nashua 1" rating a, b, c 192 0.034 1 1 1 1.28 2.03 1.06 
2nd larvae a 192 0.011 0 0 0 0.31 0.34 0.25 
1998 Lewis 1" rating - 192 0.020 1 1 1 1.44 1.34 1 
2nd larvae a 192 0.012 0 0 0 0.19 0.41 0.38 
Ames P' rating - 192 0.010 1 1 1 1.31 1.25 1 
2nd larvae a, b, c 192 0.010 0 0 0 0.03 0.28 0.63 
Nashua 1" rating - 192 0.016 1 1 1 1 1.72 1 
2nd larvae a, b, c 192 0.017 0 0 0 0.09 0.16 0.72 
' First generation European com borer damage was recorded in July. In August, the number of larvae per ear tip was recorded. 
Analyses completed using a split-plot ANOVA, with significance set at P = 0.05. Main plots were com type (Bt or isogenic 
com); Split plots were planting dates (early, middle, late); Significance for the following error sources are denoted by the 
following letters; a = com type; b = planting date; c = com type X planting date. 
' N = Total number of plant samples included in the analysis 
** SEM = Standard Error of the Mean (MSE/VN) 
Table 6. Mean inches tunneling per plant in event 176 and isogenic com for each planting date. 
Bt corn Isogenic corn 
Year Location Flight* Slg." N' SEM'' Early Middle Late Early Middle Late 
1996 Lewis 1" a, b, c 287 0,009 0 0.03 0 0.57 0.25 0 
Total a. b, c 288 0.227 0.78 0.76 0.32 1.80 2.61 4.29 
Ames b, c 288 0.010 0.01 0 0 0.43 0.16 0 
Total a 288 0.092 0.08 0.15 0.21 2.02 1.49 0.95 
Kanawha a, b, c 288 0.030 0.01 0 0 1.24 0.84 0.09 
Total a 288 0.058 0.21 0.47 0.23 1.53 1.78 1.19 
Nashua a, b, c 288 0.018 0 0 0 0.72 1.01 0.05 
Total a, b, c 288 0.052 0.17 0.12 0.01 1.45 1.73 0.57 
1997 Lewis - 192 0.010 0 0 0 0.26 0.12 0.12 
Total a 192 0.759 1.72 1.23 1.98 6.74 7.27 7.10 
Ames 1" a 192 0.048 0 0 0 1,35 0.52 0.48 
Total a 192 0.355 1.39 0.88 1.70 3.34 4.19 5.18 
Kanawha r' b, c 192 0.008 0 0 0 0.32 0 0 
Total a 192 0.108 0.66 0.58 0.59 2.26 2.40 2.75 
Nashua 1^' a 192 0.014 0 0 0 0.26 0.45 0.03 
Total a 192 0,079 0.51 0.09 0.26 1.03 1.37 1.37 
1998 Lewis 1" a. b, c 192 0.002 0 0 0 0.15 0 0 
Total a, b, c 192 0.290 0.16 0.27 0.14 1.00 3.33 3.57 
Ames 1^' - 192 0.013 0.02 0 0 0.28 0.26 0.12 
Total a, c 192 0.182 0.48 0.46 0.20 0.79 0.97 2.05 
Nashua 1" b, c 192 0,004 0 0 0 0.28 0 0 
Total a 192 0,009 0.10 0.09 0 0.28 0.13 0.10 
' European com borer tunneling was recorded in late July from the 1" generation damage. In September, stalks were split and the 
total tunneling from 1^' and 2"** generation damage was recorded. 
** Analyses completed using a split-plot ANOVA, with significance set a iP  =  0,05. Main plots were com type (Bt or isogenic 
corn); Split plots were planting dates (early, middle, late); Significance for the following error sources are denoted by the 
following letters: a = com type; b = planting date; c = com type X planting date, 
' N = Total number of plant samples included in the analysis 
SEM = Standard Error of the Mean (MSE/VN) 
Table 7. Mean inches tunneling per plant in event Btl 1 and isogenic com for each planting date. 
Bt corn Isogenic corn 
Year Location Flight* Slg." N' SEM" Early Middle Late Early Middle Late 
1996 Lewis 1" a, b. c 288 0.013 0 0 0 0.59 0.13 0 
Total a, b, c 288 0.199 0 0.03 0 2.44 2.30 5.18 
Ames 1^' - 288 0.013 0 0 0 0.33 0.28 0 
Total a 288 0.084 0 0 0 1.52 1.30 1.81 
Nashua P' a. b, c 288 0.038 0 0 0 1.58 1.24 0.11 
Total a, b, c 288 0.048 0 0 0 1.38 1.77 0.81 
1997 Lewis 1^' - 192 0.003 0 0 0 0.03 0.13 0.05 
Total a 192 0.316 0 0 0 4.82 4.26 4.84 
Ames jSt a 192 0.013 0 0 0 0.55 0.39 0.18 
Total a 192 0.309 0 0 0.01 3.77 3.09 4.51 
Nashua 1« - 192 0.023 0 0 0 0.37 0.44 0.30 
Total a 192 0,153 0 0 0 2.30 1.63 2.04 
1998 Lewis 1^' - 192 0.002 0 0 0 0.10 0 0 
Total a 192 0.172 0 0 0 1.31 2.23 2.63 
Ames IS. a 192 0.004 0 0 0 0.16 0.03 0.02 
Total a, b, c 192 0.044 0 0 0 0.15 0.59 1.03 
Nashua 1" b, c 192 0.004 0 0 0 0.17 0 0 
Total a. b, c 192 0.017 0 0 0 0.57 0.23 0.12 
* European com borer tunneling was recorded in late July from the 1" generation damage. In September, stalks were split and the 
total tunneling from 1^' and 2"*^ generation damage was recorded. 
** Analyses completed using a split-plot ANOVA, with significance set sAP = 0.05. Main plots were com type (Bt or isogenic 
corn); Split plots were planting dates (early, middle, late); Significance for the following error sources are denoted by the 
following letters: a = com type; b = planting date; c = com type X planting date. 
' N = Total number of plant samples included in the analysis 
** SEM = Standard Error of the Mean (MSE/VN) 
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PHENOLOGICAL EFFECTS OF TRANSGENIC BACILLUS THURINGIENSIS AND 
ISOGENIC CORN ON NATURAL ENEMY ABUNDANCE IN RELATION TO 
EUROPEAN CORN BORER (LEPIDOPTERA: CRAMBIDAE) 
POPULATION DYNAMICS 
A paper to be submitted to Environmental Entomology 
Clinton D. Pilcher, Mariin E. Rice, and John J. Obrycki 
Abstract 
Field studies were conducted to detennine how different phenological stages of 
transgenic Bacillus thuringiensis Berliner (Bt) com and non-Bt (near isogenic) com affected 
natural enemy densities. Transgenic Bt (events 176 and Btll) and isogenic com were 
planted at three different times to integrate Bt com into an integrated pest management 
system that included host-plant resistance, a cultural tactic, and biological control. Adult 
natural enemy populations were monitored using Pherocon* AM yellow sticky traps at four 
locations in Iowa for 3 sunmiers (1996-1998). Significant differences in adult numbers were 
observed among planting dates for most of the species and insect groups sampled including 
Coleomegilla maculataand Cycloneda munda (Coleoptera: Coccinellidae), Chrysoperla 
car«ea(Neuroptera: Chrysopidae), Orius insidiosiisQiQtsToptersi: Anthocoridae), 
Macrocentrus graw<///(Hymenoptera: Braconidae), parasitic Hymenoptera, and Syrphidae. 
Differences in preference for com growth stage were observed. Natural enemy presence 
during the first and second European com borer, Ostrinia nubilalis Hubner (Lepidoptera: 
Crambidae), generations varied among species, and certain insect densities showed higher 
correlations with O. nubilalis egg density and stalk injury than others. Macrocentrus grandii 
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were affected by the presence of Bt com. Densities were 30 - 60% lower in Bt com 
compared to isogenic com. Similar numbers of coccineilids, lacewings, and minute pirate 
bugs were observed in Bt and isogenic com. 
Introduction 
Field com, Zea mays L., has been genetically engineered to be resistant to European 
com borer, Ostrinia nubilalis (Hiibner) (Lepidoptera: Crambidae) (Koziel et al. 1993, 
Armstrong et al. 1995, Jansens et al. 1997). The mechanism of resistance is antibiosis, 
according to (Painter 1951), because larval ingestion of the plant tissue is toxic to the insect. 
The toxin is a crystalline protein {cry) derived from the bacterium Bacillus thuringiensis 
(Berliner) (Koziel et al. 1993). The use of B. thuringiensis (hereafter Bt) has a long history in 
pest management and has been used as a microbial insecticide for O. nubilalis control since 
1970 (Beegle and Yamamoto 1992). It has several advantages over synthetic insecticides 
including narrow host spectrum (Hofte and Whiteley 1989), low residual activity, human 
safety, and little toxicity to vertebrates. Disadvantages include low efficacy, delays in 
apparent effective activity, necessity for multiple applications, incomplete plant coverage, 
and a narrow host spectrum. While the high specificity of Bt is considered a desirable trait in 
pest management (Pedigo 1999), low adoption of this microbial insecticide in field com may 
be due to its lack of broad-spectrum control in addition to its low efQcacy compared to 
synthetic insecticide options. 
By inserting the Bt cry gene into the genome of field com, many previous 
inadequacies as a microbial insecticide were resolved with the development of transgenic 
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com. Transgenic Bt com has several benefits including high O. nubilcdis efiRcacy (85-99%) 
(Ostlie et al. 1997), reduced insecticide use and control costs, season-long expression 
throughout the whole plant, suppression of secondary pests, reduced plant disease occurrence 
(Munkvold et al. 1997), and improved yield protection (Rice and Pilcher 1998). A potential 
limitation is the inability to predict O. nubilalis densities prior to a farmer's decision to plant 
Bt com, therefore, an economic return is not guaranteed (Rice and Pilcher 1998). Variable 
yield performance among Bt and isogenic hybrids (Rice and Pilcher 1997) also adds to the 
complexity of the decision to grow these products, especially when some marketing 
restrictions exist (Rice and Pilcher 1998). Probably the greatest concem among research 
entomologists is that O. nubilalis will develop resistance to Bt com (McGaughey and 
Whalon 1992, Ostlie et al. 1997, Gould 1998, McGaughey et al. 1998, ILSI 1998). In 
addition, concem surroimds the limited knowledge on potential ecological risks associated 
with growing these products on a large scale (Hokkanen and Wearing 1994, Jepson et al. 
1994). While the potential decrease in insecticide use could benefit non-target arthropods 
including natural enemies, little is known about the direct, indirect, short or long-term impact 
transgenic com may have on their populations. 
One factor that contributes to O. nubilalis mortality is biological control (Mason et al. 
1996) and 25.7% of Iowa farmers believe that natural enemies cause significant O. nubilalis 
mortality (Pilcher and Rice 1998). There are several relatively abimdant generalist predators 
that are present in field com and known to feed on O. nubilalis eggs and young larvae 
including the coccinellids Coleomegilla maculata (DeGeer), Hippodamia convergens 
(Guerin), and Cycloneda munda (Say), Oritis insidiosus (Say) (Heteroptera: Anthocoridae), 
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and Chrysoperla camea Stephens (Neuroptera: Chiysopidae) (Sparks et al. 1966, Gordon 
1985, Jarvis and Guthrie 1987, Andow 1990). In addition, several parasitoids are specialists 
of O. nubilalis, but one in particular that is prevalent across most of the Com Belt is 
Macrocentrus grandii Goidanich (Hymenoptera: Braconidae) (Onstad et al. 1991, Udayagiri 
and Jones 1992, Udayagiri and Jones 1993, Mason et al. 1996). 
Several studies have evaluated potential adverse effects of Et on natural enemy 
development, survival or abimdance (Giroux et al. 1994a-b, Sims 1995, Pilcher et al. 1997, 
Cloutier and Jean 1998, Hilbeck et al. 1998a-b). Giroux et al. (1994a) found that M-One™ 
sprayed at the recommended rates does not effect C. maculata. Suns (1995) determined that 
effects of Cry 1 Ac on non-lepidopteran insects were negligible. Pilcher et al. (1997) found no 
effects on natural enemies that were fed Bt poUeiL However, Hilbeck et al. (1998a-b) has 
shown delayed development and in increase in toxicity of Cry lAb to C. camea. They used a 
Cry 1 Ab-incorporated diet to demonstrate higher mortality (57%) of immature C camea 
larvae respective to the untreated control (30%). 
An assessment of the interactions in transgenic crops like Bt com and the pest 
population dynamics in conjunction with associated natural enemies has been strongly 
encouraged (Hokkanen and Wearing 1994, Jepson et al. 1994, Gould 1998, Mellon and 
Rissler 1998), but few such studies have been conducted (Johnson and Gould 1992, Johnson 
1997, Mascarenhas and Luttrell 1997, Pilcher et al. 1997). These studies indicate that natural 
enemy interactions with transgenic resistant cultivars vary greatly and can range from 
synergism to antagonism. Pilcher et al. (1997) found no difference in the abundance of 
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predators on transgenic Bt com compared to isogenic com, but suggested that further studies 
be conducted in larger fields. 
With the advent of transgenic com, strategies used to manage O. nub Hal is and other 
insect pests will likely change. This study is one component of a broader study that attempts 
to develop an integrated approach in managing O. nubilalis by incorporating Bt com as one 
of several tactics in a pest management system (Pilcher 1999). Growers have a history of 
using cultural management techniques over insecticides when managing O. nubilalis (Rice 
and Ostlie 1997, Rice and Pilcher 1998). One cultural tactic that is not widely used in 
managing this insect is the adjustment of planting dates (Rice and Ostlie 1997, Pilcher and 
Rice 1998). Female O. nubilalis from the overwintering populations prefer to lay their eggs 
in the tallest, earUest-planted com in the area. Later-planted com typically has larger 
populations of second generation O. nubilalis being more attracted to fields in the R1 
(silking) stage of development (Ritchie et al. 1993, Mason et al. 1996). A specified ratio of 
Bt com to isogenic com planted at different times could potentially utilize Bt com as a 
prefened host during peak O. nubilalis egg-laying periods. Timing and placement of the 
isogenic com refuge would increase the number of options available to a grower for 
resistance management purposes. Crop phenology not only affects the plant's growth and 
yield performance, but it also affects herbivore and natural enemy population dynamics 
(Price 1986, Hogg 1986, Stevens et al. 1986). 
Objectives of this study were to determine how different phenological growth stages 
of com planted over time affect natural enemy population dynamics, and to quantify the tri-
trophic interactions among transgenic Bt com, O. nubilalis, and natural enemies. 
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Materials and Methods 
Four Iowa State University research &rms were chosen to conduct these studies: 1) 
Armstrong Research Farm, Lewis, in southwestern Iowa; 2) Bruner Farm, Ames, in central 
Iowa; 3) Northeastern Research Farm, Nashua, in northeastem Iowa; and 4) Northem 
Research Farm, Kanawha, in north central Iowa. At each location, except Kanawha, two 
separate field studies evaluated different Bt genetic events that vary in efficacy (Rice 1997). 
One study evaluated event 176 (JCnockOMr™, Novartis [Ciba] Seeds, Greensboro, NC) using 
MAX454 (1996-98) as the transgenic hybrid at each location. The isogenic hybrids were 
4490 (1996) or 4494 (1997-98). The other field study at each location, except Kanawha, 
evaluated event Btl 1 (YieldGard™, Novartis [Northrup King], Minneapolis, MN) using the 
following hybrids: N6800Bt and N6800 (1996: aU 3 locations), N7333Bt and N7333 (1997-
98: southwestem and central Iowa), N4640Bt and N4640 (1997-98: northeastem Iowa). All 
hybrids were 110-112d maturity hybrids, except N4640, which was a 102—106d hybrid. 
Hybrids were changed following 1996 because better-adapted hybrids were available for 
study. 
A split-plot design was used for each experiment with com type (Bt and isogenic 
com) as the main plot and planting time as the split-plot. Three planting-time treatments 
were used: early (April 20-30), middle (May 1-10), and late (May 11-20). Each of the three 
plantings was sequentially planted at approximately 10 d intervals and represented one-third 
of the plot being planted. Each hybrid by planting date combination was replicated in four 
blocks with planting times randomized within main plots and main plots randomized within 
blocks. Each individual plot (6 plots per replication) was 21-30 m (70—100 ft) long 
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(depending on location) and 24 rows wide. Plots were planted using 30 in. rows at seed rate 
of68,400-71,100 seeds per hectare (27,700-28,800 seeds per acre), depending upon the site. 
The seeding rate was kept consistent across all planting dates within a given year at each 
location. Field maintenance including fertilizer, herbicide, and tillage was completed by each 
of the farm managers based on normal practices for their locations. 
Adult natural enemies were sampled during each O. mtbilalis generation using 
Pherocon* AM non-baited yellow sticky traps (Great Lakes IPM, Vestaburg, MI) (Boeve 
1992) (Udayagiri et al. 1997). Wooden stakes (2.5 cm X 5.1 cm X 243.8 cm), with one trap 
per stake, were placed between rows 12 and 13 of each plot equidistant from the edge and 
each other (e.g. 30 m plot; stakes placed at 10 and 20 m). Two sticky traps per plot were 
used to collect natural enemies in 1997 and 1998 (based on 10% precision estimates from 3 
traps per plot in 1996). Each trap was folded aroimd the stake and held in place using two 
binder clips with the trap face transecting com rows at a 90° angle. Traps were positioned 
approximately level to the top of the plant whorl or during plant reproductive stages, just 
above ear height. Traps were replaced weekly during each O. nubilalis flight period and 
returned to the laboratory where natural enemies could be recorded. 
Statistical Analyses. At each location, the two separate studies evaluating each 
genetic event (KnockOw/ and YieldGard) were analyzed separately. Within each year, each 
location (Lewis, Ames, Kanawha, and Nashua) and O. nubilalis generation (first and second) 
was analyzed separately due to differences in O. nubilalis populations and com phenological 
growth patterns at each location. The main plots (com types = Bt and isogenic com), split 
plot (planting times = early, middle, and late), and subspUt plots (sampling date) were subject 
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to a split-split plot ANOVA using PROC GLM for unbalanced data sets (SAS Institute 
1997). The hypotheses were that natural enemy populations would show preferences for 
different phenological growth stages of com, but would not be able to differentiate between 
Bt and isogenic com. Therefore, hypotheses tests were used to determine significance for the 
following treatment effects: com type (Bt and isogenic com), planting time (early, middle, 
late), com type by planting time, sampling date (weekly during each O. nubilalis flight 
period), sampling date by com type, and sampling date by planting time. Correlation 
analyses were used to determine relationship between individual natural enemy species, O. 
nubilalis egg mass coimts, and stalk timneling (SAS Institute, 1995). Significance for all 
tests was set stP = 0.05. 
Results 
The following separations in planting dates occurred (Pilcher 1999): 1996 — between 
13 and 30 d; between 9 and 19 d; between 10 to 16 d. Environmental influences during the 
growing season created larger phenological separation in com growth in 1996 and 1998. 
Preferences of the first O. nubilalis flight for the early planting date and the second 
flight for the late planting date is observed at each location in 1996, except Nashua where 
early and middle plantings were equal in growth patterns. First generation O. nubilalis 
pressure was its highest of the three years in 1996 at Kanawha and Nashua where egg mass 
densities averaged 0.26 and 0.22 egg masses per plant in the early planting, respectively 
(Pilcher 1999). In general, during 1996, the early-planted com averaged more tunneling per 
stalk compared to the middle and late plantings from first generation damage at Lewis, Ames, 
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and Kanawha. In addition, the late-pianted com averaged more tunneling per stalk compared 
to the early and middle plantings from the second generation at the same locations (Pilcher 
1999). 
Due to low first generation egg mass densities in 1997, few significant differences 
occurred among planting dates. During the second generation, significance among planting 
dates, sampling dates, and sampling date by planting date interactions was primarily 
observed at Lewis, Ames, and Kanawha (Pilcher 1999). At these three locations, the late 
planting recruited 10-25% more eggs than the middle or early plantings, averaging 0.35, 
0.46, and 0.28 egg masses per plant at Lewis, Ames, and Kanawha, respectively. Throughout 
this study, the greatest density of O. nubilalis occurred during the second generation in 1997 
at Lewis, Ames, and Kanawha. Due to the large O. nubilalis density, no significant 
differences in stalk tunneling among planting dates occurred (Pilcher 1999). In 1998, the 
lowest O. nubilalis populations were observed during the three years of the study, and few 
differences occurred in egg mass density among planting dates at all three locations. 
However, significant differences in stalk tunneling did occur among planting dates depending 
upon the location and study evaluated (Pilcher 1999). 
Statistical significance for particular hypotheses is indicated by use of small letters 
(Table 1 & 2). Based on the analyses, the two studies (Ciba and Northrup King) at each 
location were combined in preparing figures of natural enemy abundance over time (Fig. 1-
8). Because Kanawha only had one study, no figures were prepared for that site. However, 
means for each study may be observed in Table 3 & 4. For example, in evaluating C. 
maculata (Table 1), during the first O. nubilalis flight in the Ciba plots in 1996, there were 
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three sampling dates (Fig. la), two com types (Bt and isogenic com), and three planting 
dates. Individual hypothesis tests show significance among planting dates (F= 17.1; df = 2, 
12; P = 0.0003), sampling dates (F = 22.5; df = 2,36; P < 0.0001) and sampling date by 
planting date interaction (F = 17.7; df = 4, 36; P < 0.0001). However, three other tests were 
not significant including com type (Bt and isogenic com) (F = 0.66; df = 1,3; F = 0.4768), 
com type by planting date (F= 3.20; df = 2, 12; P = 0.0770), and sampling date by com type 
(F= 1.57; df = 2,36; P = 02217). 
ColeomegiUa maculata 
Where large separations in crop phenology occurred, significant differences in 
C. maculata populations were found. In 1996, significant differences among planting dates 
were observed at Ames, Lewis, and Nashua (Table 1 & 2). At Ames and Lewis, C maculata 
numbers were higher in the early-planted com during the first generation and late-planted 
com during the second generation (Table 3 & 4; Fig. la). At Nashua, preferences were for 
the middle planted com during both the first and second generation (Fig. lb). During 1997, 
no differences were observed at Lewis (Fig. Ic), but significant differences did occur at 
Ames and Kanawha (Table 1). At Ames, C. maculata adults preferred the early planted com 
early in the season and the late-planted com late (Fig. Id). However, at Kanawha, 
preferences were for the earliest planting during the first O. nubilalis flight and for the early 
and middle planting during the second flight period (Fig. le). In 1998, similar trends were 
observed in Ames (Fig. If) and Nashua (Table 3 & 4). 
Significant differences were observed at Ames and Nashua in C. maculata numbers 
between Bt and isogenic com (Table 1); however, numbers were higher in Bt com. 
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Coleomegilla maculata 's is not as closely related to O. nubilalis egg density or stalk 
tunneling compared with the other natural enemies evaluated (Table 5). Correlation 
coefficients range from -0.425 to 0.425 for comparisons made with egg density and from -
0.496 to 0.516 for comparisons made with stalk injury. 
Hippodamia convergens 
Few significant differences were observed in H. convergens populations (Tables 1 & 
2) and densities were low making the results difficult to interpret. Therefore, the nimibers are 
provided for the readers' information (Table 3 & 4), but this species will not receive further 
discussion. 
Cycloneda munda 
Cycloneda munda shows some response to differences in planting dates (Table 1 & 
2). Fewer beetles were collected during the first flight period compared with much higher 
numbers during the second flight (Table 3 & 4). In addition, the beetle was more prevalent at 
Ames, Kanawha, and Nashua than Lewis. During 1996, beetles preferred the early planting 
during the second generation at Lewis (Fig. 2a) and the early and middle plantings during the 
same period at Nashua (Fig. 2b). No significant differences in numbers occurred among 
planting dates in 1997 (Table 1 & 2, Fig. Ic-d), except at Kanawha (Table 1). However, in 
1998, significant differences did occur at Lewis, Ames, and Nashua with preferences being 
shown for the early and middle plantings during the second generation (Fig. 2e-f). 
Transgenic Bt com did not affect C. munda (Table 1). Furthermore, C. munda adult 
density was not highly correlated with O. nubilalis egg mass density (-0.084 < r < 0.676) or 
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stalk tunneling injury (0.073 < r <  0.594) compared to other natural enemies across the three 
years (Table 5). No distinct patterns occur among study sites. 
Chrysoperia camea 
Chrysoperla camea adults occurred at low numbers during the first flight period for 
the duration of the study (Table 3 & 4). Ehiring the second generation, preferences for com 
in certain reproductive stages of growth changed during the course of the second O. nubilalis 
flight. Numbers were higher in the early planting and then changed to the middle and late 
plantings once the R1 stage of development had been reached at Lewis (Fig. 3a). At Ames, 
preferences for silking com progressed from early to middle to late (Fig. 3b). In 1997, there 
was a shift in preference from the completed silking stage of the late-planted com to the early 
and middle plantings in late August at Ames. There were significantiy more C. camea in the 
early and middle planting*; at Nashua compared to the late-planted com (Table 1, Fig. 3d). 
These patterns were similar in 1998 with preference for the silking stage of development 
followed by a preference for the more mature com late in the season (Fig. 3e-f). 
No differences in C. camea adult numbers were observed between Bt and isogenic 
com (Table 1 & 2). Chrysoperla camea adults were significantly correlated with O. 
nubilalis egg mass numbers (0.028 <r< 0.749) and the amount of stalk tunneling (0.016 < r 
< 0.661) (Table 5). A stronger relationship occurred between C cornea and O. nubilalis at 
Lewis and Ames compared with Kanawha and Nashua. 
Orius insidiosus 
Significant differences were observed among planting dates, but were highly variable 
among the different sites (Table 1 & 2). In 1996, during the first O. nubilalis flight period. 
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preferences were for the early planting date at Lewis (Fig. 4a) and Kanawha, but for the 
middle planting date at Ames (Table 3 & 4). Oritts insidiosus was more prevalent during the 
second O. mbilalis generation (Table 2 & 3) and more were counted in the late-planted com 
at Lewis and Ames (Fig. 4a-b). At the Ames and Nashua locations in 1997, a slight 
preference was shown for the late-planted Northrup King com late in the growing season 
(Table 2; Fig. 4c-d). In 1998, more O. insidiosus were present in the early planted com at 
Lewis and Nashua (Table 3 & 4) during the first generation. However, preferences during 
the second flight period varied among sites with the late-planted com showing higher 
numbers in Lewis (Fig. 4e), but the early planted com showing higher numbers at Ames and 
Nashua (Fig. 4f). This response is similar to what was observed with O. mibilalis egg density 
at these locations in 1998 (Pilcher 1999). 
Lower numbers of O. insidiosus were observed in Bt com at 3 locations, but numbers 
were also significantly higher in Bt com at 2 locations (Table 1 & 2), so it appears there is no 
consistent Bt com influence on O. insidiosus populations (Table 3 &, 4). Significant 
correlations occurred between O. insidiosus and egg mass numbers (0.211 < r < 0.869) 
indicating a strong relationship between this natural enemy and the O. nubilalis population 
(Table 5). More consistency in correlation coefficients, however, is observed between 
O. insidiosus adults and stalk tunneling damage (0.266 < r < 0.745) among locations (Table 
5). 
Macrocentrus grandii 
The natural enemy that responds the most to changes in planting date, different com 
types, and O. nubilalis dynamics is M grandii. Macrocentrus grandii numbers were 
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significantly different among planting dates (Table 1 & 2) and results showed consistent 
trends among the different locations. In some cases, the mean mmiber of adults per trap 
exceeded 25 parasitoids (Table 3 & 4), with densities exceeding 100 adults per trap. During 
all three years at each of the experimental sites, preferences during the first generation were 
for the earliest-planted com (Table 3 & 4), except at Lewis in 1997 (Fig. 5c) where a 
preference for the middle planting occurred. In contrast, M grandii numbers were higher in 
the late-planted com during the second generation every year at each location (Table 3 & 4). 
These results are similar to the preferences observed for egg-laying by O. nubilalis (Pilcher 
1999). 
Macrocentrus grandii population dynamics mirrored those of O. nubilalis in 
considering preferences for the different phenological stages (Table 3 & 4) and resulting 
population levels in Bt and isogenic com (Fig. 6). Ostrinia nubilalis larval density was 
absent or nearly so in Bt com, and this result significantly lowered population levels of 
M. grandii (Table I & 2). Population levels were decreased by 30-60% (Table 3 & 4, Fig. 6) 
in Bt com. Because M grandii is a specialist of O. nubilalis (Udayagiri and Jones 1992), 
correlation coefScients comparing M. grandii adults to O. nubilalis egg mass density were 
highly significant (0.276 < r < 0.812), except at Lewis in 1997 (Table 5). This parasitoid was 
more closely related to egg density than to the amount of stalk tuimeling. The lack of 
significance between M. grandii and stalk tuimeling at Nashua in 1996 may be due to the low 
O. nubilalis survival observed in the late planting date (Pilcher 1999). 
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Parasitic Hymenoptera 
There are many families of parasitic Hymenoptera that were collected from the sticky 
traps during the study. The families included, but were not limited to, the following: 
Ichneumonidae, Braconidae, Trichogrammatidae, Chalcidoidea (superfamily), Eulophidae, 
and Encyrtidae. The different species may or may not be associated with O. nubilalis. As a 
group, niimbers were highly variable and no distinct patterns were identified regarding 
preferences for certain planting dates (Table 3 & 4). However, significant differences were 
observed (Table 1 & 2). In 1996, higher parasitoid numbers occurred in the early planting at 
Lewis during the first generation (Fig. 7a). This did not occur at Nashua (Fig. 7b). During 
the second generation, few differences were observed (Table 2), but tendencies were for 
higher numbers in the late-planted com. Most significant differences occurred during the 
first generation in 1997 at Lewis, Ames (Table 3 & 4), and Nashua (Fig. 7d) where 
preferences were for the early planting date. In 1998, high nimibers of parasitic 
Hymenoptera were collected (in excess of 30-50 per trap) and were primarily observed in the 
early planted com at Lewis (Fig. 7e), Ames (Fig. 7f), and Nashua during the first O. nubilalis 
flight. During the second flight period, greater numbers were observed in the early planted 
com at Ames, Lewis, and Nashua (Table 2). 
Transgenic Bt com did not strongly affect parasitic Hymenoptera colonizing field 
com (Table 1 & 2). Lower densities were observed in Bt com during the second generation 
at Kanawha and Nashua in 1997 (Table 3 & 4), and Lewis in 1996, but significantly higher 
numbers were observed in Bt com at Lewis in 1997. Differences may have occiirred at the 
family level, but separations were not made. The parasitic Hymenoptera did show significant 
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correlations with O. nubilalis egg masses (0.275 < r < 0.753), however, three of the 
comparisons were not significant and at Lewis in 1997, the correlation was negative (Table 
5). Results were similar when comparing the parasitic Hymenoptera to inches tuimeling 
(Tables). 
Syrphidae 
Adult flower fly populations (Syrphidae) were significantly different among planting 
dates (Table 1 & 2). However, contrary to most of the natural enemies evaluated, tendencies 
were for s}aphid flies to colonize the later-planted com during the first generation at some 
locations. This occurred at Lewis (Fig. 8a) and Nashua (Fig. 8b) in 1996. Most significant 
effects were observed during the second generation where syrphid numbers were higher in 
the late-planted com at Lewis and in the early-planted com at Nashua (Table 3 & 4). No 
significant differences were observed among planting dates in 1997 (Table 1 & 2; Fig. 8c-d). 
However, significant differences did occur in 1998 where the late planted com was preferred 
during the first generation at Ames (Fig. 8f). Dtuing the second generation, higher numbers 
were observed in the late planted com at Lewis (Fig. 8e), but Ames populations were more 
prevalent in the early-planted com (Fig. 8f). 
Syrphid flies seem to be slightly affected by Bt com. Significantly lower numbers 
were observed in Bt com at several locations including Lewis, Kanawha, and Nashua (Table 
1). However, this occurred in only 15% (6/40) of the comparisons made (Table 2). Syrphid 
flies were not highly correlated with O. nubilalis egg mass density with only 6 out of 11 
comparisons being significant (0.305 < r < 0.616) (Table 5). Correlations were highly 
variable among locations and years with no distinct patterns occurring. 
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Aranidae 
Aranidae (spiders) was another group of natural enemies that was conmioniy 
collected. Numbers were low (Table 3 & 4) and few significant differences were observed 
(Table 1 & 2). Other natural enemies collected and counted include Hippodamia 
tredecimpunctata Say, Coccinella septempunctata L., Hctrmonia axyridis (Pallas), 
Hippodamia parenthesis Say, brown lacewing (Hemerobiideie), Carabidae, Nabidae, and 
Formicidae. These natural enemies were coimted and Mests were conducted to determine if 
Bt com significantly affected any of the groups. No significant effects were found. 
Discussion 
In general, host-plant resistance and biological control have been considered 
compatible entities in an integrated pest management system (Bergman and Tingey 1979, 
Adkisson and Dyck 1980, Panda and Khush 1995). However, negative influences of host-
plant resistance on natural enemies has been documented (Campbell and Duffey 1979, Orr 
and Boethel 1985, Obrycki 1986, Rice and Wilde 1989). Price (1986) discusses that plants 
can have both intrinsic (e.g. Bt toxin in com) and extrinsic (e.g. natural enemies) resistance 
mechanisms that impact the trophic system, and that compatibility is dependent on whether 
the intrinsic defense has a positive or negative impact on each of the trophic levels. These 
effects may be direct or indirect in nature, depending upon the interactions among the plant, 
its affected herbivores, and associated natural enemies. The pest management triad, proposed 
by van Emden (1986), suggests that partial plant resistance improves biological control, 
which in turn, magnifies the effects of plant resistance. One of the initial strategies discussed 
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in implementing Bt com, which could be used to delay or prevent insect resistance, was to 
use low doses of toxin in transgenic plants that would act in concert with natural enemies to 
decrease pest populations (Gould 1998). However, past resistance management studies with 
Bt, theoretical predictive modeling, and much discussion by several insect resistance 
management working groups has led to the decision to use a high dose of toxin in transgenic 
Bt com combined with a refuge of isogenic com (Ostlie et al. 1997). Increasing toxin dose 
could decrease pest populations to levels that drastically change existing multitrophic 
interactions in field com. 
Much speculation surrounds the potential ecological effects Bt com may have on pest 
and natural enemy population dynamics (Gould 1998). Research thus far has focused 
primarily on resistance management issues and less attention has been given to insect 
population studies aimed at evaluating potential impacts of transgenic crops. Although this 
research was part of a larger study that may have resistance management implications, the 
focus of this work was to expand on findings of Pilcher et al. (1997) and determine what 
effects differences in Bt com phenology may have on natural enemy population dynamics. 
Differences in field com phenology impact the needs and behavioral preferences of O. 
mibilalis (Calvin and Tollefson 1994, Mason et al. 1996, Pilcher 1999). Females lay their 
eggs in the tallest com early in the simimer when plants are in vegetative stages. As the 
summer progresses, female O. mibilalis are most attracted to reproductive com in the green-
silk stage (Rl). The influence of plant growth stage is likely to affect trophic levels beyond 
that of O. mibilalis and difficulty can arise in determining which factors have the greatest 
influence on these interactions. Knowledge of these effects, however, can enhance our 
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abilities to develop better strategies that improve the effectiveness of natural enemies 
(Bottrell et al. 1998). The combination of an intrinsic defense mechanism (transgenic Bt 
com) (Price 1986) and differences in crop phenology can affect O. nubilalis population 
dynamics. These three factors (crop phenology, transgenic Bt com, and O. nubilalis 
populations) were projected to have the greatest influence on natural enemy abundance 
(extrinsic defense mechanism) and will be the focus of this discussion. Examining the 
different sources of error and counting the number times significant differences occurred 
(Table 1 & 2), one can generalize on the factors that had the greatest influence each year. In 
1996 and 1998, planting date and sampling date by planting date interactions showed the 
most significant differences. The greatest phenological separation among planting dates 
occurred during these two years. In 1997, Bt com had more of an impact on natural enemies. 
Less phenological separation among planting dates occurred and O. nubilalis numbers were 
the highest during this year increasing the separation between Bt and isogenic com with 
regard to stalk tuimeling and yield differences (Pilcher 1999). 
Several generalist predators of the family Coccinellidae including C maculata, 
C. munda, H. convergens, C. septempunctata, and Hippodamia tredecimpunctata are known 
to colonize field com and feed on aphids, pollen, or lepidopteran prey including O. nubilalis 
eggs and young larvae (Sparks et al. 1966, Gordon 1985, Jarvis and Guthrie 1987, Andow 
1990). Two of these, C. maculata and C munda, were evaluated extensively because of the 
larger numbers collected. These predators were the least affected by the treatment parameters 
in comparison with other predators and parasitoids evaluated. Coleomegilla maculata 
nimibers were similar to O. nubilalis egg densities in Lewis and Ames, but drastically 
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different at Kanavdia and Nashua. Coleomegilla maculata has 3-4 generation per year 
(Obrycki and Tauber 1978) and previous work has shown populations peaking in density 
when second-generation O. nubilalis eggs and neonates were at their peak (Coll and Bottrell 
1991). This lady beetle was more closely associated with differences in com phenology and 
was not affected by the presence of Bt com. Mason et al. (1996) suggests that C. maculatd's 
consumption of O. nubilalis egg masses is decreased with the presence of pollen. In 
addition, Giroux et al. (1994) found no increase in larval mortality when pollen treated with 
M-One™ (Bt var. son diegai) was fed to preimaginal stages of C maculata compared to a 
water control. Coleomegilla maculata populations seem to prefer the earliest planted or 
tallest com in the area early in the growing season. Populations appear to be the most 
influenced by the reproductive stages late in the growing season, but preferences were for the 
late-planted com at Ames and Lewis and the early and middle-planted com at Kanawha and 
Nashua. This may be due to the hybrid's differences in growth response across different 
latitudes. Cycloneda munda was not closely related to O. nubilalis, unaffected by Bt com, 
and tendencies were for higher numbers in the early-planted com during the entire growing 
season. Distinct preference differences for different phenological com stages exist between 
these two coccinellids. Other factors that may have contributed to the highly varied 
responses include alternate host populations (aphids), weather conditions, and neighboring 
crop influences. 
Recent attention has been given to the effects of Bt on the development of C carnea 
(Hilbeck et al. 1998a-b). While negative effects were found in both laboratory studies, it is 
not known whether these findings would be valid in the field. Other prey sources exist in its 
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natural environment, therefore, the reliance of C camea on O. nubilalis as a main staple of 
its diet needs to be determined. Based on the results of our smdy, C camea do not 
differentiate between Bt and isogenic com. In addition, no differences in C camea egg 
numbers were observed between Bt and isogenic com (Pilcher et al. 1997). Therefore, if C. 
camea larvae in Bt com are given a choice of Bt intoxicated O. nubilalis larvae, healthy 
larvae, pollen, or aphids, it is not known what they will choose. 
Chrysoperla camea are present at low numbers during the first generation and 
colonize com later in the growing season during the reproductive stages of growth. This is 
identical to what was observed by Jarvis and Guthrie (1987). In addition, adults prefer com 
that is shedding pollen during the silking stage (Rl), as numbers tended to increase in com 
during those stages of development. This corresponds with what Pilcher et al. (1997) 
observed with the tendency for more chrysopid eggs to be present during pollen shed. Once 
the Rl stage was complete, preference seemed to shift back to the more mature stages of com 
growth. Chrysoperla camea did show significant correlations with O. nubilalis egg density 
and stalk tunneling, but changes in preferences based on plant phenology seems to have a 
stronger influence on its population djrnamics. 
Orius insidiosus was the most important predator of O. nubilalis larvae in Maryland 
(Coll and Bottrell 1992). In addition. Coll and Bottrell (1991) determined that peak density 
of O. insidiosus coincided with peak density of second generation O. nubilalis egg and 
neonate populations, which occurs during the tasseling and silking stages of com. Orius 
insidiosus have only one generation per year (Dicke and Jarvis 1962, Coll and Bottrell 1992). 
Our results are similar to Coll and Bottrell's (1991) findings where peak O. insidiosm 
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populations occurred during peak densities of second generation egg masses. However, peak 
egg density typically occurs in silking com and O. insidiosus was still attracted to silking 
com in the absence of high O. nubilalis populations. In 1998, O. nubilalis populations were 
low across all three locations where O. insidiosus populations were high, which may have 
been one of the contributing factors to high O. nubilalis mortality and low surviving 
populations. It was determined by Reid (1991) that as O. insidiosus density increased, the 
total percentage of O. nubilalis and com earworm (Helicoverpa zea (Boddie)) eggs destroyed 
also increased. Although high correlations with O. nubilalis egg density and stalk tunneling 
occurred, O. insidiosus population dynamics seem to be driven mostiy by phenological 
differences in com growth. Observed preferences for the early and middle plantings did not 
always correspond with the observed egg density (Pilcher 1999). Other factors may be 
responsible for determining O. insidiosus preferences besides O. nubilalis populations, and 
differences in phenological stages of com growth because pollen-shedding com did not 
always recruit the largest nimiber of 0. insidiosus adults. In addition, presence of Bt com did 
not affect population levels of O. insidiosus. 
It has been suggested that some natural enemies may be affected by the decrease in 
pest populations due to transgenic crops (Gould 1998, McGaughey et al. 1998). The 
population dynamics of M. grandii tightly coincides with the population dynamics of O. 
nubilalis. It has been determined that different com plant volatiles affect the flight behavior 
and response of M. grandii (Udayagiri and Jones 1992, 1993). Results from this smdy 
confirm that significant plant-insect interactions occur among the three levels of this 
tritrophic system. With the adjustment of planting dates and use of Bt com, M. grandii is 
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indirectly affected by the changes in O. nubilalis populations among the different planting 
dates and lack of established populations in Bt com. Larval tunneling from O. nubilalis, 
either in the stalk, leaf midrib, or ear, provides the semiochemical cues needed by the 
parasitoid to search for and locate its host (Udayagiri and Jones 1992). 
Macrocentrus grandii populations are highly correlated with O. nubilalis egg density. 
This is similar to prior findings that suggest M. grandii is well synchronized with its 
bivoltine host, O. nubilalis (Winnie and Chiang 1984). However, these parasitoids were also 
affected by Bt com, so plants damaged by O. nubilalis are critical in providing host cues for 
this natural enemy. Equal numbers of O. nubilalis eggs were laid in Bt and isogenic com 
followed by an equal number of neonates, at least initially. Therefore, based on the 
adjustment of planting dates in this study, M grandii are colonizing the tallest com (typically 
the earliest-planted) in the area during the first generation and the latest-planted com in the 
area during the second generation. However, Udayagiri and Jones (1992) determined that 
searching M grandii do not respond to green silks, but are attracted to leaf and husk 
volatiles. Based on this study and past research, M. grandii is keyed in on the population 
dynamics of O. nubilalis and Bt com; therefore, in combination with the adjustment of 
planting dates, significant tritrophic interactions are occurring. 
The parasitic Hymenoptera populations were highly variable among locations and 
years. As a group, populations were low in 1996, increased in 1997, and were very high in 
1998. The parasitic Hymenoptera populations were highest during the year in which the 
lowest O. nubilalis populations were observed. Also, high O. insidiosus populations in 1998 
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in addition to the high M grandii populations in 1997 (overwintering effect) may be a 
significant contributor to the lack of economic O. nubilalis populations. 
Significant differences in numbers of parasitic Hymenoptera were observed among 
planting dates at Ames, Lewis, and Nashua, primarily during the first generation. Most 
preferences were for the early planting date during the first and second generations and as a 
group, seemed to be unaffected by Bt com. Certain families within this group, including the 
Trichogrammatidae and some of the ichneumonid or eulophid populations, may have been 
more closely associated with O. nubilalis based on past research (Hudon et al. 1989), but 
these data were not obtained in this study. In addition, the number of parasitized eggs was 
not quantified. Significant correlations with O. nubilalis did occur, but as a group, these 
relationships are difficult to describe. Future research should separate the individual species 
to determine fiuther potential effects of crop phenology and transgenic crops on parasitic 
natural enemy populations of O. nubilalis. 
Unlike the other natural enemies evaluated, syrphid adults seemed to prefer the late-
planted com during the first generatioa and either the early or the late-planted com during the 
second generation, depending upon location. Hybrid response and differences in phenology 
had a significant role in the population dynamics of this group of natural enemies. Although 
correlations with O. nubilalis egg density and tunnel length were highly variable, this fanuly 
seemed to be affected to a certain extent by Bt com. It may be because populations of 
alternate hosts like com earworm were also lowered with Bt com (Pilcher, unpublished data). 
Natural enemy populations are greatly affected by differences in crop phenology. 
Each species evaluated, in addition to several families and larger groups, displayed 
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preferences for either the early or late-planted com. Results firom this study may help to 
better understand differences or a lack of differences in stalk tunneling and yields in the 
corresponding studies (Pilcher 1999). Bottrell et al. (1998) discusses the potential of 
manipulating natural enemies using different plant varieties or modifications. By using 
planting dates as a cultural man^ement technique, modifications occur with differences in 
crop phenology. Considerably larger numbers of natiual enemies are present during the 
reproductive stages of com growth and prefer the latest planted com in the area. Recruitment 
of O. nubilalis eggs is concentrated in these late plantings during this time and provides a 
larger quantity of prey for natural enemies. As a means of implementing Bt com into an 
integrated pest management system, biological control would provide the greatest benefit if 
isogenic com was planted last during the spring planting sequence. As part of a resistance 
management plan, farmers are encouraged to grow a certain percentage of their cornfields to 
isogenic com to preserve the susceptibility of O. nubilalis. Further research needs to evaluate 
the potential contribution natural enemies could have given the resistance management 
recommendations. 
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Figure 1. Mean C maculata per trap by planting date response for each sampling date over 
time at A) Lewis, 1996, B) Nashua, 1996, C) Lewis, 1997, D) Ames, 1997, E) Kanawha, 
1997, and F) Ames, 1998. Blank space marks time periods where no samples were taken. 
Figure 2. Mean C. munda per tr^ by planting date response for each sampling date over 
time at A) Lewis, 1996, B) Nashua, 1996, C) Ames, 1997, D) Nashua, 1997, E) Ames, 1998, 
and F) Nashua, 1998. Blank space marks time periods ^ere no samples were taken. 
Figure 3. Mean C camea per trap by planting date response for each sampling date over 
time at A) Lewis, 1996, B) Ames, 1996, C) Ames, 1997, D) Nashua, 1997, E) Lewis, 1998, 
and F) Nashua, 1998. Blank space marks time periods where no samples were taken. 
Figure 4. Mean O. insidiosus per trap by planting date response for each sampling date over 
time at A) Lewis, 1996, B) Ames, 1996, C) Ames, 1997, D) Nashua, 1997, E) Lewis, 1998, 
and F) Nashua, 1998. Blank space marks time periods where no samples were taken. 
Figure 5. Mean Af. grandii per trap by planting date response for each sampling date over 
time at A) Lewis, 1996, B) Nashua, 1996, C) Lewis, 1997, D) Ames, 1997, E) Ames, 1998, 
and F) Nashua, 1998. Blank space marks time periods where no samples were taken. 
Figure 6. Mean M. grandii per trap in Bt and non-Bt com for each sampling date over time 
at A) Lewis, 1997, B) Ames, 1997, C) Nashua, 1997, D) Lewis, 1998, E) Ames, 1998, and F) 
Nashua, 1998. Blank space marks time periods where no samples were taken. 
Figure 7. Mean Hymenopteran parasitoids per trap by planting date response for each 
sampling date over time at A) Lewis, 1996, B) Nashua, 1996, C) Ames, 1997, D) Nashua, 
1997, E) Lewis, 1998, and F) Ames, 1998. Blank space marks time periods where no 
samples were taken. 
Figure 8. Mean Syrphidae per trap by planting date response for each sampling date over 
time at A) Lewis, 1996, B) Nashua, 1996, C) Ames, 1997, D) Nashua, 1997, E) Lewis, 1998, 
and F) Ames, 1998. Blank space marks time periods where no samples were taken. 
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Table 1. Split-split plot ANOVA table with significant differences at each location marked by location (a = Ames; k = Kanawha; 
I = Lewis; n = Nashua) for event 176 and isogenic com during each year of the study for selected natural enemy species and 
groups. Main plots were com type (Bt or isogenic); Split plots were planting dates (early, middle, late); Subsplit plots was 
sampling time (natural enemy counts recorded on a weekly basis). 
Natural Enemy | C. maculata 1 / / .  c o n v e r e e n s  1 C. munda C. cornea 0. Insldlosus 1 M. erandll Parasitoids Syrohidae Aranidae 
Flight period* 1" 2ni ' 1" jitd I" 2nd I" 20- I- 1" 2^1 2)ui 1" 2»J 1- 2«d 
1996" 
Com variety (Bt) a al 1 kn 
Planting date (PD) In n I a 1 ak akI I akin a kl a ak 
BtXPD n 1 1 k n k 
Date akin aIn akin al aki akin al akin al aIn In akin akn akin akin akin al akin 
Date X Bt k k a al n 
Dale X PD ain In al a 1 akin al 1 1 akin n 1 a kin a 
Date X Bt X PD 1 1 In In a 
1997" 
Com variety (Bt) n n 1 An k okin kn n n a 
Planting date (PD) ak k k kn k akin ak aIn 
B lXPD kn an a 
Date akin akin aIn kin akn akin aIn akin aIn akin akin akin aIn akin akn akin akn akin 
Date X Bt n n n kn In n akin akl akin akn kn n k a 
Date X PD a ak a a akI akI akI akl a n In k I 
Date X Bt X PD 1 k n 1 In n k a 
1998' 
Com variety (Bt) n R aIn 
Planting date (PD) n n 1 an aIn aIn aIn aIn an aIn an ain al 
BtXPD 1 n 
Date In aIn aIn n aIn aIn 1 aIn aIn aIn In aIn In aIn 1 In 
Date X Bt In a n n atn 
Date X PD n aIn 1 aIn aIn a In aIn aIn an n an al 
Date X Bt X PD n aIn an a 
I com borer flight occurs in June. The second flight occurs in late Ju 
Locations marked in bold and italicized are instances where numbers were lower in Bt com. 
Table 2. Split-split plot ANOVA table with significant differences at each location marked by location (a = Ames; 1 = Lewis; n = 
Nashua) for event Btll and isogenic com during each year of the study for selected natural enemy species and groups. Main plots 
were com type (Bt or isogenic); Split plots were planting dates (early, middle, late); Subsplit plots was sampling time (natural 
enemy counts recorded on a weekly basis). 
Natural Enemy | C maculata 1 H. convereens 1 C. munda C. cornea 0. Insldlosus 1 M. erandil Parasitolds SvfDhidae Aranidae 
Flight period* |ii 2"*' i" 2"*^ 1*' 2"'' |M 2'**' ,« 2~' 1 I" 1 2"^ )•! 2"^ I" 1 2"" I" 1 2"^ 
1996" 
Com variety (Bt) 1 / n 
Planting date (PD) a 1 1 1 a in al al n aln 1 aln 1 a 
BtXPD n n a n a 
Date aIn aIn aIn al an aIn al aIn al aIn 1 aIn aln aln an aln aln an 
Date X Bt a an n n an 
Date X PD aIn al al a al aIn al aIn abi a an 
Date X Bt X PD a a n n 1 a 
1997" 
Com variety (Bt) n n 1 / al In 1 a 
Planting date (PD) a 
^liT 
1 an In aln a I 
1 B tXPD 
bate 
n n 1 
al 
n al n 
aIn al aIn a aIn aIn al aIn aIn aln al aln an aln n al 
Date X Bt 
an 
al al 
1 
al 
a 
al 1 In an a n 
Date X PD 
Date  X  B iX  PD 
a 1 an an aIn al an an 
n a a a a n 
1998" 
Com variety (Bt) 
ai 
an 
/ a In / 
Planting date (PD) n j a al In aIn aIn aln ain 1 
BtJC Pp_ 
bate 
bate X Bt 
bateXPb 
bateXBtXPb"  
1 
aIn in 
aIn 
n a 
J ain 
aIn 
i aIn aIn aln In aln aln 
n 
n 
aln 1 ain 
ai a 
] 
al 
1^ 
aIn 
an aln a 
In n In aln an L 
a a 1 n al a 
1 com borer flight occurs In June. The second flight occurs in late Ju y through August. 
Locations marked in bold and Italicized are instances where numbers were lower in Bt com. 
Table 3. Mean adult natural enemies per sticky trap in event 176 and isogenic com for each planting date. 
Bt corn Non-Bt corn 
Year Location Insect Flight* Early Middle Late Early Middle Late 
1996 Lewis 
Ames 
Coleomegilla maculata 1" 215 0.169 1.78 0.83 1.74 2.06 0.91 1.14 
2nd 359 0.138 1.30 0.97 1.18 0.97 1.03 0.73 
Hippodamia convergens 1^' 215 0.084 0.72 0.61 1.71 0.66 0.77 1.42 
2nd 359 0.051 0.35 0.51 0.28 0.65 0.47 0.40 
Cycloneda munda J SI 215 0.005 0.14 0.06 0.08 0.08 0.03 0.11 
2nd 359 0.108 2.00 0.47 0.35 1.02 0.58 0.32 
Chrysoperla carnea 1^' 215 0.006 0.14 0.03 0.06 0.11 0.06 0.06 
2nd 359 0.092 0.72 1.00 1.14 0.80 0.78 1.12 
Orius insidiosus 1" 215 1.226 5.33 0.92 0.14 4.81 1.00 0 
2nd 359 2.658 6.37 7.56 14.17 7.98 7.30 14.33 
Macrocentrus grandii V' - - - - - - - -
2nd 359 6.731 3.12 4.12 10.30 4.18 5.68 15.25 
Parasitoids 1" 215 1.685 6.12 2.26 1.94 7.56 3.49 1.00 
2nd 359 1.816 6.35 5.97 6.82 7.35 7.30 6.78 
Aranidae 1" 215 0.087 0.86 0.64 0.61 0.53 0.57 0.64 
2nd 359 0.023 0.32 0.46 0.33 0.35 0.45 0.25 
Syrphidae P' 215 0.340 1.58 1.11 1.94 1.47 1.94 2.47 
2nd 359 0.759 1.92 2.47 5.67 3.08 3.02 4.30 
Coleomegilla maculata 1" 406 0.350 2.30 2.48 3.63 1.18 1.83 3.29 
2nd 572 0.645 3.92 3.62 3.99 4.34 3.54 2.74 
Hippodamia convergens 1" 406 0.026 0.25 0.61 0.67 0.16 0.26 0.58 
2nd 572 0.011 0.25 0.18 0.11 0.19 0.05 0.10 
Cycloneda munda ,sl 406 0.007 0.16 0.08 0.07 0.16 0.04 0.09 
2nd 572 0.038 0.91 0.39 0.17 0.73 0.23 0.32 
Chrysoperla carnea 1^' 406 0.011 0.16 0.15 0.19 0.13 0.21 0.15 
2nd 572 0.027 0.47 0.44 0.25 0.54 0.60 0.32 
Orius insidiosus 1" 406 0.155 0.45 0.87 0.55 0.53 0.99 0.79 
Table 3. (continued) 
Macrocentrus grandii 
Parasitoids 
Aranidae 
Syrphidae 
Kanawha Coleomegilla maculata 
Hippodamia convergens 
Cycloneda munda 
Chrysoperla carnea 
Orius insidiosus 
Macrocentrus grandii 
Parasitoids 
Aranidae 
Syrphidae 
Nashua Coleomegilla maculata 
Hippodamia convergens 
2"^ 572 2.519 4.97 9.12 8.22 5.99 8.06 6.30 
1" 
2nd 572 0.813 0.73 1.09 2,10 1.54 3.15 3.36 
1'' 406 0.380 1.24 1.15 3.00 1.04 1.38 2.15 
2nd 572 2.717 5.10 6.86 7.78 5.44 6.33 6.96 
1" 406 0.016 0.16 0.46 0.31 0.20 0.36 0.13 
2nd 572 0.022 0.55 0.47 0.18 0.54 0.40 0.19 
1®' 406 0.305 1.40 3.38 1.63 0.87 2.57 1.85 
2nd 572 1.454 4.01 4.96 3.56 3.57 4.26 2.99 
-|si 144 0.290 1.25 1.33 2.00 0.96 1.13 1.79 
2nd 287 0.277 2.94 3.17 1.65 2.44 2.44 2.13 
1" 144 0.020 0.17 0.21 0.21 0.13 0.04 0.33 
2nd 287 0.001 0.04 0 0 0.06 0.02 0 
1" 144 0.007 0.17 0.08 0.17 0.04 0.04 0 
2nd 287 0.158 1.00 0.64 0.50 0.85 0.52 0.71 
1" 144 0.008 0.04 0.04 0.17 0.21 0.13 0.13 
2nd 287 0.008 0.04 0.04 0.27 0.10 0.02 0.23 
1^' 144 0.007 0.25 0 0.04 0.17 0.17 0 
2nd 287 0.073 0.79 0.83 0.81 1.06 1.08 0.71 
2nd 287 5.472 3.00 3.64 9.25 4.00 4.79 11.29 
1" 144 1.635 5.38 2.79 3.46 3.17 5.25 2.21 
2nd 287 0.483 2.94 2.72 3.29 3.17 3.75 3.48 
1" 144 0.040 0.58 0.17 0.42 0.33 0.46 0.42 
2nd 287 0.010 0.13 0.15 0.13 0.04 0.17 0.31 
1^' 144 0.213 1.96 1.42 1.83 2.08 1.25 2.04 
2nd 287 4.648 7.06 7.09 11.73 10.15 8.96 11.52 
144 0.400 2.04 2.21 1.46 1.63 2.46 1.08 
2nd 279 0.598 3.78 4.10 2.74 1.75 2.70 2.59 
isl 144 0.004 0.04 0.04 0.04 0 0.04 0.13 
2nd 279 0.0002 0 0 0 0.02 0 0 
Table 3. (continued) 
Cycloneda munda 1^' 144 
2nd 279 
Chrysoperla cornea l" 144 
2nd 279 
Orius insidiosus l" 144 
2nd 279 
Macrocentrus grandii 1" 
2nd 279 
Parasitolds l" 144 
2nd 279 
Aranldae l" 144 
2"" 279 
Syrphldae l" 144 
2"'' 279 
1997 Lewis Coleomegilla maculata P* 238 
2nd 335 
Hippodamia convergens l" 238 
2nd 335 
Cycloneda munda l" 238 
2nd 335 
Chrysoperla carnea l" 238 
2"'* 335 
Orius insidiosus 1®' 238 
2nd 335 
Macrocentrus grandii 1^' 238 
2"'' 335 
Parasitoids l" 238 
2"" 335 
Aranidae P' 238 
2"'' 335 
Syrphidae i" 238 
0.013 0.08 0.13 0.08 0.17 0.13 0.21 
0.365 2.07 1.92 0.56 1.64 0.64 0.57 
0.008 0.08 0.08 0.08 0.13 0.17 0.04 
0.297 1.56 2.02 1.83 2.25 2.40 1.72 
0.022 0.21 0.29 0 0.29 0.33 0.25 
1.393 6.71 5.52 5.35 7.93 7.26 5.09 
8.536 4.91 5.02 11.83 3.59 5.09 15.45 
0.540 1.71 2.58 1.38 1.92 3.54 1.54 
1.506 4.91 5.42 5.74 5.67 6.11 4.62 
0.020 0.25 0.38 0.08 0.13 0.33 0.21 
0.010 0.27 0.13 0.15 0.16 0.06 0.15 
0.346 1.71 2.38 3.42 3.04 2.08 2.50 
3.173 5.58 5.67 7.75 11.39 9.26 4.70 
0.257 1.15 2.10 1.41 1.58 1.41 1.13 
0.054 1.00 0.88 0.77 0.64 0.75 0.69 
0.118 0.90 0.93 1.46 0.93 0.79 1.03 
0.004 0.14 0.07 0.04 0.09 0.05 0.09 
0.014 0.33 0.18 0.15 0.18 0.10 0.15 
0.146 1.30 1.50 0.89 1.39 0.88 1.16 
0.019 0.33 0.35 0.18 0.18 0.15 0.13 
0.105 1.45 0.88 1.04 1.07 0.79 0.95 
0.015 0.05 0.15 0.08 0.20 0.26 0.18 
4.451 8.66 8.34 6.98 7.20 7.02 6.73 
21.697 11.45 11.43 4.41 19.28 14.64 5.05 
2.352 3.36 4.02 3.70 7.61 7.27 9.29 
3.718 9.35 9.78 7.97 11.45 9.74 7.98 
6.616 8.23 7.91 7.57 7.80 8.32 7.89 
0.004 0.05 0.03 0.03 0.13 0.05 0.05 
0.012 0.11 0.18 0.21 0.21 0.27 0.22 
0.042 0.23 0.43 0.31 0.33 0.36 0.43 
Table 3. (continued) 335 
Ames Coleomegilla maculata l" 238 
2nd 334 
Hippodamia convergens l" 238 
2nd 334 
Cycloneda munda 1*' 238 
2nd 334 
Chrysoperla carnea l" 238 
2nd 334 
Orius insidiosus l" 238 
2nd 334 
Macrocentrus grandii l" 238 
2nd 334 
Parasitoids l" 238 
2nd 334 
Aranidae I*' 238 
2nd 334 
Syrphidae l®' 238 
2nd 334 
Kanawha Coleomegilla maculata l" 140 
2"'^  288 
Hippodamia convergens 1" 140 
2"" 288 
Cycloneda munda 1" 140 
2nd 288 
Chrysoperla carnea l" 140 
2"'' 288 
Orius insidiosus l" 140 
2"'' 288 
Macrocentrus grandii l" 140 
2"'' 288 
Parasitoids l" 140 
0.027 0.30 0.41 0.27 0.30 0.30 0.31 
0.157 1.63 0.90 0.92 1.83 0.93 0.70 
0.144 1.38 1.66 1.45 1.21 1.43 1.73 
0.012 0.25 0.08 0.15 0.20 0.23 0.25 
0.002 0 0.02 0.05 0 0.09 0.05 
0.051 0.60 0.28 0.23 0.43 0.50 0.33 
0.512 3.00 3.57 1.91 2.59 1.79 1.95 
0.021 0.23 0.15 0.23 0.30 0.43 0.18 
0.126 1.64 1.30 0.82 1.48 1.45 1.52 
0.092 0.78 0.69 0.51 0.83 0.73 0.68 
6.645 9.64 13.05 10.07 9.89 9.95 10.11 
0.384 1.65 0.95 0.38 3.35 1.88 1.65 
4.841 6.82 7.84 8.44 10.45 11.14 14.57 
1.223 6.13 4.69 5.08 5.90 4.75 5.03 
9.530 12.13 15.54 12.87 12.61 12.25 12.30 
1.840 0.35 0.28 0.18 0.28 0.15 0.23 
1.463 0.25 0.23 0.18 0.29 0.13 0.04 
0.044 0.50 0.59 0.46 0.35 0.35 0.80 
0.082 0.65 0.93 0.69 0.93 1.29 0.96 
0.057 1.13 0.42 0.48 0.96 0.59 0.21 
0.217 1.29 1.69 1.21 2.27 2.04 0.96 
0.008 0.13 0.04 0.17 0.08 0.09 0.08 
0.004 0.10 0.04 0.04 0.06 0.04 0.04 
0.012 0.22 0.08 0.04 0.25 0 0.13 
0.381 1.35 1.29 0.67 1.31 1.50 1.02 
0.011 0.35 0.08 0.09 0.17 0.05 0.04 
0.165 1.88 1.08 1.31 1.67 1.63 1.25 
0.002 0.04 0 0 0.08 0 0 
2.976 4.38 3.75 3.88 7.23 5.06 4.77 
0.038 0.39 0.08 0.09 0.79 0.23 0.21 
1.751 2.48 3.54 4.56 4.50 6.46 8.23 
0.200 2.48 1.38 1.13 1.88 1.77 2.00 
Table 3. (continued) 
2"'' 288 3.047 6.21 6.10 7.04 7.65 8.13 8.73 
Aranidae 1'' 140 0.006 0.17 0.13 0.04 0.04 0.09 0 
2"'' 288 0.011 0.15 0.17 0.17 0.21 0.23 0.21 
Syrphidae l" 140 0.125 1.39 0.67 0.48 1.04 1.00 0.75 
2"" 288 7.935 7.75 5.67 6.08 7.23 7.02 5.3! 
Nashua Coleomegilla maculata 1" 189 0.095 0.80 0.47 0.34 1.09 0.53 0.29 
2"'' 284 0.141 1.47 1.33 1.79 1.02 1.17 0.70 
Hippodamia convergens l" 189 0.008 0.13 0.16 0.09 0.16 0.06 0.06 
2"" 284 0.018 0.21 0.13 0.10 0.30 0.26 0.28 
Cyclonedammda V' 189 0.017 0.17 0.31 0.19 0.34 0.22 0.10 
2"" 284 1.897 6.68 6.38 5.96 4.62 4.40 5.66 
Chrysoperla carnea l" 189 0.030 0.33 0.38 0.25 0.34 0.38 0.23 
2"" 284 0.501 3.23 3.38 1.98 2.40 1.79 2.09 
Orius insidiosus l" 189 0.027 0.17 0.16 0.19 0.31 0.28 0.19 
2"'* 284 2.983 5.74 6.15 6.83 5.04 4.53 5.53 
Macrocentrus grandii l" 189 0.742 1.47 1.44 0.91 2.66 2.19 1.16 
2"'' 284 1.253 3.40 3.96 4.58 5.81 5.68 6.15 
Parasitoids 1'' 189 1.636 6.63 5.38 3.84 6.94 6.97 5.42 
2""' 284 2.432 7.96 9.15 8.94 9.57 9.81 10.85 
Aranidae 1" 189 0.019 0.07 0.22 0.06 0.16 0.19 0.06 
2"'' 284 0.007 0.17 0.13 0.10 0.09 0.04 0.04 
Syrphidae 1" 189 0.088 0.33 0.47 0.50 0.50 0.88 1.03 
2"" 284 1.307 2.34 3.33 2.58 4.30 4.04 3.11 
1998 Lewis Coleomegilla maculata P 189 0.107 ToS OiSi TOS 0.75 0J\ 0.58 
2"" 286 0.160 0.94 1.40 1.33 1.11 1.27 1.58 
Hippodamia convergens 1®' 189 0.055 0.66 0.28 0.71 0.34 0.52 1.32 
2""' 286 0.004 0.02 0 0.13 0.09 0 0.08 
Cycloneda munda l" 189 0.019 0.38 0.16 0.10 0.06 0.06 0.16 
2"" 286 0.090 1.73 0.69 0.25 1.02 0.79 0.13 
Chrysoperla carnea P' 189 0.011 0.19 0.03 0.06 0.25 0.06 0.16 
2"^ 286 0.140 0.81 0.63 1.19 0.87 0.65 1.02 
Table 3. (continued) 
Orius insidiosus 
Macrocentrus grandii 
Parasitoids 
Aranidae 
Syrphidae 
Ames ColeomegiUa maculata 
Hippodamia convergens 
Cycloneda munda 
Chrysoperla carnea 
Orius insidiosus 
Macrocentrus grandii 
Parasitoids 
Aranidae 
Syrphidae 
Nashua ColeomegiUa maculata 
Hippodamia convergens 
js. 189 
2nd 286 
!« 189 
2nd 286 
jst 189 
2nd 286 
,Sl 189 
2nd 286 
,s. 189 
2nd 286 
142 
2nd 288 
1" 142 
2nd 288 
jst 142 
2nd 288 
,s. 142 
2nd 288 
jSt 142 
2nd 288 
1" 142 
2nd 288 
J SI 142 
2nd 288 
142 
2nd 288 
JS. 142 
2nd 288 
jst- 143 
2nd 288 
jSt 143 
0.535 1.41 1.44 0.97 1.56 1.00 1.10 
20.111 20,10 15.58 22.13 20.33 16.38 25.73 
0.060 0.78 0.44 0.13 1.00 0.55 0.35 
0.668 1.08 1.69 2.48 1.65 3.21 5.40 
22.286 19.22 16.34 14.61 25.66 16.71 14.71 
32.474 24.17 19.48 25.69 32.87 19.67 23.73 
0.209 1.25 1.56 2.32 1.25 1.00 2.35 
0.036 0.40 0.52 0.42 0.57 0.23 0.35 
0.470 0.75 1.78 1.16 0.63 1.06 1.45 
0.631 2.02 1.40 3.44 1.70 1.00 3.46 
0.128 1.33 1.13 0.55 0.75 1.13 0.46 
0.564 3.60 3.25 2.69 3.58 2.71 3.06 
0.009 0.08 0.08 0.05 0.25 0.13 0.04 
0.0002 0 0 0 0.02 0 0 
0.127 1.50 0.63 0.27 0.75 0.17 0.21 
0.644 5.52 3.83 1.15 3.63 2.83 1.06 
0.034 0.33 0.29 0.23 0.29 0.46 0.25 
0.035 0.21 0.15 0.65 0.33 0.13 0.29 
0.046 0.46 0.88 0.41 0.63 0.46 0.21 
25.115 29.77 16.19 9.08 17.44 12.81 9.94 
0.150 1.33 0.50 0.14 1.38 1.04 0.38 
2.972 2.25 2.46 3.40 3.17 5.38 9.10 
8.842 31,50 30.08 18.09 30,88 30.79 16.17 
11.116 34.27 25.25 17.83 25.13 24.73 16.88 
0.118 0.75 1.08 0.86 0.96 1.75 0.83 
0.023 0.44 0.29 0.48 0.40 0.42 0.35 
0.433 1.50 1.79 1.86 1.50 1.71 2.29 
0.144 1.90 1.10 1.27 1.96 0.75 0.69 
0.147 1.50 0.09 0.38 1.67 0.29 0.54 
0.331 1.79 1.81 1.33 2.33 2.10 1.77 
0.005 0.08 0.13 0 0.13 0 0 
Table 3. (continued) 2nd 288 0.0002 0 0 0.02 0 0 0 
Cycloneda munda 1'' 143 0.018 0.50 0.13 0.13 0.25 0 0.17 
2nd 288 0.667 3.27 3.77 1.25 3.17 2.98 1.04 
Chrysoperla carnea 1 '^ 143 0.005 0 0.04 0.13 0.04 0.08 0 
2nd 288 0.062 0.63 0.40 0.42 1.08 0.40 0.73 
Orius insidiosus 143 0.027 0.29 0.17 0.21 0.50 0.33 0.25 
2nd 288 27.755 26.56 24.27 10.33 29.35 19.98 14.02 
Macrocentrus grandii ist 143 0.470 2.00 0.83 0.13 4.13 1.54 0.25 
2nd 288 2.199 3.42 4.25 5.56 3.75 6.19 9.31 
Parasitoids 1 '^ 143 7.612 16.58 14.70 7.96 18.88 13.08 10.33 
2nd 288 131.03 52.96 37.08 30.98 63.23 34.13 35.50 
Aranidae isi 143 0.038 0.21 0.39 0.25 0.54 0.25 0.38 
2nd 288 0.061 0.83 0.79 0.75 0.71 0.54 0.81 
Syrphidae 1'' 143 0.319 1.54 1.61 2.79 2.38 1.38 2.88 
2nd 288 0.366 2.35 2.29 2.19 4.88 1.58 1.60 
' The first European com borer flight occurs in June. The second flight occurs in late July through August. 
'' SEM = Standard Error of the Mean (MSE/VN) 
Table 4. Mean adult natural enemies per sticky trap in event Btl 1 and isogenic com for each planting date. 
Bt corn Non-Bt corn 
Year Location Insect Flight* N sem'' Early Middle Late Early Middle Late 
1996 Lewis Coleomegilla maculata 1" 216 0.105 1.86 0.72 0.64 1.11 0.72 0.78 
2nd 360 0.255 1.77 1.07 1.88 1.38 1.12 1.88 
Hippodamia convergens 216 0.119 0.89 1.08 2.11 0.61 1.19 2.00 
2nd 360 0.044 0.62 0.17 0.20 0.55 0.45 0.35 
Cycloneda munda 1" 216 0.002 0 0.03 0.03 0 0.09 0.06 
2nd 360 0.027 0.60 0.13 0.08 0.48 0.12 0.07 
Chrysoperla cornea 1" 216 0.005 0.03 0.03 0 0.08 0.06 0.06 
2nd 360 0.057 0.63 0.65 0.35 0.88 0.80 0.62 
Orius insidiosus 1 '^ 216 0.059 0.75 0.33 0.19 0.33 0.23 0.17 
2nd 360 1.739 4.15 4.75 7.90 4.67 4.17 12.43 
Macrocentrus grandii 1" - - - - - - - -
2nd 360 3.188 2.63 3.23 5.55 6.58 5.32 7.87 
Parasitoids IS. 216 0.866 3.06 2.50 1.28 4.11 2.86 2.08 
2nd 360 1.071 3.45 3.52 4.50 3.35 5.02 5.75 
Aranidae 216 0.076 0.64 1.00 0.81 0.42 0.83 0.81 
2nd 360 0.028 0.57 0.47 0.58 0.30 0.22 0.33 
Syrphidae 1" 216 5.358 5.50 2.55 10.44 8.47 5.81 10.97 
2nd 360 1.209 3.57 4.63 5.47 4.42 4.93 7.43 
Ames Coleomegilla maculata 477 0.159 1.36 0.95 1.62 1.38 0.92 1.68 
2nd 576 0.448 3.34 2.71 2.38 3.59 2.65 3.24 
Hippodamia convergens 1 '^ 477 0.018 0.23 0.30 0.45 0.30 0.31 0.53 
2nd 576 0.003 0.04 0.03 0.08 0.03 0.05 0.08 
Cycloneda munda 1" 477 0.003 0.02 0.05 0.03 0.03 0.17 0.02 
2nd 576 0.039 0.45 0.21 0.22 0.45 0.30 0.10 
Chrysoperla carnea 1" 477 0.004 0.01 0.08 0.13 0.03 0.10 0.05 
2nd 576 0.045 0.36 0.46 0.68 0.39 0.37 0.66 
Orius insidiosus 1 '^ 477 0.076 0.42 0.54 0.75 0.42 0.42 0.58 
Table 4. (continued) 
Nashua 
Macrocenlrus grandii 
Parasitoids 
Aranidae 
Syrphidae 
Coleomegilla maculata 
Hippodamia convergens 
Cycloneda munda 
Chrysoperla carnea 
Orius insidiosus 
Macrocenlrus grandii 
Parasitoids 
Aranidae 
Syrphidae 
2nd 
1" 
2nd 
1" 
2nd 
I" 
2nd 
1" 
2nd 
ist 
2nd 
1^' 
2nd 
2nd 
1" 
2nd 
1" 
2nd 
P' 
2nd 
1^' 
2nd 
1" 
2nd 
2nd 
i^' 
2nd 
576 
576 
477 
576 
477 
576 
477 
576 
143 
288 
143 
288 
143 
288 
143 
288 
143 
288 
288 
143 
288 
143 
288 
143 
288 
1997 Lewis Coleomegilla maculata 
Hippodamia convergens 
239 
332 
239 
332 
1.938 4.71 6.33 7.60 5.26 4.91 9.06 
0.288 0.67 0.86 1.34 1.45 2.19 1.94 
0.074 0.82 0.57 0.45 0.84 0.70 0.49 
1.818 3.46 5.54 5.74 3.44 3.73 4.86 
0.009 0.14 0.13 0.27 0.22 0.17 0.15 
0.034 0.84 0.78 0.50 0.59 0.43 0.48 
0.553 2.22 1.82 0.56 2.18 2.29 1.05 
3.260 2.68 5.45 4.88 5.08 3.39 9.00 
0.112 0.61 0.83 0.46 0.83 0.96 0.54 
0.119 0.94 1.54 0.90 0.71 1.33 1.31 
0.010 0.04 0.21 0.04 0.17 0 0.08 
0.002 0.06 0.04 0 0.02 0.02 0.02 
0.012 0 0.21 0.08 0.13 0.17 0.17 
0.709 3.69 3.90 1.08 2.25 2.31 1.54 
0.004 0.09 0.08 0.04 0 0 0.08 
0.263 0.77 1.31 1.81 1.04 1.31 1.54 
0.002 0.04 0 0 0.04 0.04 0.04 
0.620 2.44 3.71 2.69 3.69 3.00 3.25 
26.140 8.15 13.54 16.25 11.40 18.25 29.35 
1.171 2.74 3.29 2.17 5.63 4.17 2.38 
5.598 7.73 6.83 9.71 8.42 8.13 8.73 
0.039 0.35 0.50 0.42 0.58 0.29 0.08 
0.009 0.13 0.23 0.08 0.15 0.13 0.27 
0.257 1.61 2.08 2.08 2.50 1.25 2.17 
1.252 3.48 2.54 4.81 6.96 4.06 5.60 
0.250 1.53 1.48 1.43 1.26 1.55 1.25 
0.113 1.46 1.24 1.32 0.78 1.09 l . I l  
0.107 0.80 0.65 0.75 1.36 0.83 1.03 
0.009 0.18 0.11 0.07 0.36 0.09 0.07 
Table 4. (continued) 
Cycloneda mmda l" 239 
2nd 332 
Chrysoperla carnea l" 239 
2nd 332 
Orius insidiosus l" 239 
2nd 332 
Macrocentrus grandii l" 239 
2nd 332 
Parasitoids l" 239 
2nd 332 
Aranidae P* 239 
2nd 332 
Syrphidae l" 239 
2^  ^ m 
Ames Coleomegilla maculata l" 240 
2nd 333 
Hippodamia convergens l" 240 
2nd 333 
Cycloneda munda 1®' 240 
2nd 333 
Chrysoperla carnea 1®' 240 
2nd 333 
Orius insidiosus I®' 240 
2nd 333 
Macrocentrus grandii 1®' 240 
2nd 333 
Parasitoids 1 '^ 240 
2nd 333 
Aranidae l" 240 
2nd 333 
Syrphidae l" 240 
0.006 0.08 0.08 0.13 0.15 0.05 0.05 
0.222 1.84 1.95 1.46 1.05 1.33 0.86 
0.011 0.23 0.15 0.08 0.03 0.15 0.15 
0.120 1.43 1.05 0.79 1.60 1.48 1.75 
0.015 0.23 0.15 0.13 0.33 0.15 0.18 
5.656 10.18 9.76 8.59 7.60 7.83 7.55 
37.815 13.23 25.73 8.58 11.85 16.53 6.73 
2.581 3.59 5.00 4.45 4.69 7.50 9.39 
4.161 9.60 13.80 10.33 11.85 11.23 10.53 
4.847 6.89 10.20 8.32 6.64 6.94 7.46 
0.006 0.08 0.08 0.05 0.10 0.08 0.05 
0.014 0.05 0.31 0.21 0.16 0.15 0.21 
0.037 0.35 0.20 0.10 0.21 0.48 0.30 
0.020 0.29 0.33 0.27 0.64 0.30 0.39 
0.217 2.15 1.53 0.88 1.45 0.90 0.70 
0.215 2.13 1.80 2.57 1.36 1.18 1.64 
0.017 0.28 0.13 0.28 0.23 0.18 0.20 
0.012 0.13 0.20 0.16 0.05 0.18 0.16 
0.037 0.28 0.43 0.35 0.43 0.45 0.33 
0.322 2.68 2.02 2.39 2.24 1.95 1.29 
0.013 0.20 0.15 0.13 0.15 0.08 0.18 
0.096 0.88 0.71 0.86 1.02 1.43 1.49 
0.045 0.43 0.25 0.45 0.33 0.55 0.40 
3.532 7.89 8.00 10.48 5.51 6.80 9.67 
0.152 1.13 0.55 0.58 1.55 1.10 0.73 
6.227 9.38 9.35 10.45 8.16 10.82 14.42 
1.032 5.00 4.65 5.03 4.98 4.65 4.30 
8.623 11.45 13.04 14.75 11.07 11.38 13.89 
0.008 0.15 0.10 0.13 0.08 0.10 0.13 
0.011 0.16 0.13 0.21 0.18 0.27 0.13 
0.033 0.53 0.23 0.43 0.38 0.58 0.35 
Table 4. (continued) 2"'' 333 
Nashua Coleomegilla maculata l" 190 
2"'' 288 
Hippodamia convergens 1®' 190 
2"'' 288 
Cycloneda mmda 1" 190 
2nd 288 
Chrysoperla carnea 1®' 190 
2"^ 288 
Orius insidiosus l" 190 
2"'^ 288 
Macrocentrus grandii l" 190 
2nd 288 
Parasitoids l" 190 
2"^ 288 
Aranidae l" 190 
2nd 288 
Syrphidae l" 190 
2nd 288 
1998 Lewis Coleomegilla maculaia P iW 
2"" 285 
Hippodamia convergens 1 '^ 190 
2"" 285 
Cycloneda munda 1®' 190 
2"" 285 
Chrysoperla carnea 1*' 190 
2"'' 285 
Orius insidiosus l" 190 
2"'^  285 
Macrocentrus grandii l" 190 
2"'^  285 
Parasitoids l" 190 
0.124 0.54 0.71 0.88 1.18 1.45 1.38 
0.031 0.44 0.29 0.28 0.45 0.47 0.28 
0.083 0.88 0.92 0.90 0.83 1.06 0.77 
0.007 0.06 0.10 0.06 0.06 0.13 0.13 
0.005 0.04 0.08 0 0.10 0.02 0.19 
0.020 0.53 0.35 0.25 0.06 0.25 0.19 
1.351 3.90 4.48 4.29 4.71 4.46 4.67 
0.005 0.06 0.06 0.09 0.03 0.03 0.09 
0.488 2.33 2.08 2.10 2.10 2.00 2.23 
0.013 0.16 0.10 0.03 0.35 0.06 0.16 
2.238 5.10 5.33 5.54 4.46 5.23 7.33 
0.247 1.44 0.84 1.09 2.13 1.13 0.94 
0.517 2.35 2.19 2.85 2.58 3.56 4.38 
2.298 5.97 4.77 5.97 6.45 5.25 4.66 
2.351 8.29 8.08 7.52 8.02 8.31 9.75 
0.010 0.16 0.10 0.19 0.03 0.19 0.09 
0.004 0.02 0.08 0.13 0.06 0.06 0.04 
0.121 0.59 0.77 0.59 0,61 0.91 0.78 
1.618 5.27 3.04 4.13 4.33 5.13 4.85 
0.185 1.88 1.03 1.03 0.94 1.22 1.59 
0.121 1.13 1.28 1.60 1.17 1.10 1.02 
0.060 0.41 0.39 0.84 0.61 0.28 1.13 
0.001 0.04 0 0 0.06 0 0 
0.011 0.13 0.03 0.13 0.23 0.09 0.16 
0.111 1.25 0.98 0.38 0.83 0.65 0.26 
0.009 0.03 0.06 0.06 0.13 0.06 0 
0.107 0.58 0.40 0.88 1.13 0.73 0.68 
0.460 2.06 2.00 0.59 1.87 1.25 0.41 
17.321 11.50 14.70 18.96 16.06 19.90 27.81 
0.060 1.13 0.39 0.28 0.81 0.63 0.09 
0.481 0.94 1.23 2.60 1.21 2.63 4.81 
4.528 20.38 19.00 14.09 19.58 15.53 12.53 
Table 4. (continued) 
Aranidae 
Syrphidae 
Ames Coleomegilla maculata 
Hippodamia convergens 
Cycloneda munda 
Chrysoperla carnea 
Orius insidiosus 
Macrocentrus grandii 
Farasitoids 
Aranidae 
Syrphidae 
Nashua Coleomegilla maculata 
Hippodamia convergens 
Cycloneda munda 
Chrysoperla carnea 
56.738 28.77 23.70 26.08 33.60 27.00 24.00 
0.192 1.19 1.48 1.94 1.29 1.50 1.66 
0.020 0.35 0.32 0.33 0.19 0.25 0.23 
0.127 1.09 1.00 0.88 0.84 0.94 0.69 
0.926 2.40 1.87 3.85 3.85 1.98 3.85 
0.105 0.75 0.79 0.43 1.25 1.13 0.58 
0.660 3.52 2.94 3.38 3.44 3.48 3.31 
0.013 0.13 0.08 0.17 0.04 0.21 0.13 
0.0002 0 0 0.02 0 0 0 
0.052 0.63 0.21 0.13 1.17 0.63 0.29 
0.927 5.63 3.83 2.00 5.40 4.65 1.58 
0.017 0.25 0.13 0.26 0.04 0.17 0.29 
0.009 0.23 0.04 0.10 0.29 0.06 0.17 
0.038 0.46 0.46 0.26 0.50 0.25 0.29 
4.706 13.65 9.44 9.60 13.83 9.69 12.19 
0.154 0.96 0.38 0.26 2.13 1.25 0.42 
2.426 1.98 3.81 4.33 3.06 5.02 9.98 
6.660 28.75 21.83 15.43 28.29 27.58 16.42 
14.881 32.40 25.58 24.29 29.71 28.13 25.81 
0.170 0.88 1.04 1.26 1.00 1.08 1.13 
0.033 0.60 0.58 0.31 0.52 0.46 0.33 
0.680 1.96 2.50 1.96 1.88 2.63 4.00 
0.193 2.17 1.13 2.29 1.19 1.67 1.04 
0.104 1.35 0.13 0.42 1.08 0.46 0.50 
0.205 1.38 1.27 0.92 1.54 1.50 0.75 
0.002 0 0.04 0.04 0.04 0 0 
- 0 0 0 0 0 0 
0.025 0.65 0.08 0.21 0.58 0.21 0.13 
0.518 2.30 3.00 2.54 3.88 2.40 1.77 
0.002 0.04 0.04 0 0 0.04 0.04 
0.236 2.17 0.31 0.71 1.29 0.56 0.67 
Table 4. (continued) 
Orius insidiosus 1 '^ 143 0.014 0.48 0.04 0.04 0.25 0.04 0.13 
2nd 287 18.192 22.91 21.06 11.60 22.98 25.46 11.94 
Macrocentrus grandii 1 '^ 143 1.184 2.17 1.08 0.46 7.29 1.29 0.21 
2nd 287 0.980 0.81 3.06 3.71 2.58 5.25 6.15 
Parasitoids 1 '^ 143 10.386 24.17 14.33 9.92 24.54 15.25 10.83 
2nd 287 29.957 26.89 28.48 24.48 32.44 33.25 27.44 
Aranidae 1" 143 0.059 0.52 0.42 0.42 0.54 0.58 0.50 
2nd 287 0.025 0.51 0.42 0.33 0.29 0.40 0.46 
Syrphidae 143 0.563 3.04 1.92 2.92 2.42 1.79 2.67 
2nd 287 0.788 6.32 3.02 3.88 4.90 3,44 3.65 
' The first European com borer flight occurs in June. The second flight occurs in late July through August. 
** SEM = Standard Error of the Mean (MSE/>/N) 
Table 5. Correlation coefficients (r) and P values for comparisons between natural enemy numbers, European com borer egg 
density, and stalk tunneling at four locations in 1996-1998. 
1996 1997 
Comparisons Lewis Ames Kanawha Nashua Lewis Ames Kanawha Nashua Lewb Ames Nashua Total" 
C. maculata r 0.049 0.314 -0.080 0.140 -0.425 0.267 0.425 0.318 0.293 0.229 0.307 0.183 
vs. P 0.638 0.002 0.587 0.180 <0.001 0.009 0.003 0.002 0.004 0.025 0.002 <0.001 
egg masses df 96 96 48 96 96 96 48 96 96 96 96 960 
C. munda r O.OSO 0.103 0.178 -0.084 0.676 0.480 0.477 0.320 0.055 0.080 0.473 -0.043 
VS. P 0.629 0.319 0.227 0.418 <0.001 <0.001 <0.001 0.002 0.592 0.442 <0.001 0.184 
egg masses df 96 96 48 96 96 96 48 96 96 96 96 960 
C. carnea r 0.572 0.451 0.236 0.250 0.749 0.675 0.625 0.227 0.502 0.028 0.343 0.246 
vs. P <0.001 <0.001 0.107 0.014 <0.001 <0.001 <0.001 0.026 <0.001 0.789 0.001 <0.001 
egg masses df 96 96 48 96 96 96 48 96 96 96 96 960 
0. iiisidiosus f 0.869 0.801 0.216 0.211 0.835 0.784 0.680 0.431 0.631 0.257 0.567 0.176 
vs. P <0.001 <0.001 0.140 0.039 <0.001 <0.001 <0.001 <0.001 <0.001 0.012 <0.001 <0.001 
egg masses df 96 96 48 96 96 96 48 96 96 96 96 960 
hi. grandii r 0.748 0.572 0.682 0.283 -0.415 0.803 0.812 0.404 0.644 0.276 0.367 0.324 
vs. P <0.001 <0.001 <0.001 0.005 <0.001 <0.001 <0.001 <0.001 <0.001 0.007 <0.001 <0.001 
egg masses df 96 96 48 96 96 96 48 96 96 96 96 960 
Parasitic Hym. r 0.461 0.735 O.lSl 0.051 -0.438 0.753 0.822 0.440 0.275 0.080 0.465 -0.209 
vs. P <0.001 <0.001 0.305 0.620 <0.001 <0.001 <0.001 <0.001 0.007 0.440 <0.001 <0.001 
egg masses df 96 96 48 96 96 96 48 96 96 96 96 960 
Syrphidae r 0.050 0.472 0.514 0.166 0.086 0.616 0.713 0.305 0.513 -0.166 0.170 0.264 
vs. P 0.626 <0.001 <0.001 0.106 0.405 <0.001 <0.001 0.003 <0.001 0.106 0.098 <0.001 
egg masses df 96 96 48 96 96 96 48 96 96 96 96 960 
Table 5. (continued) 
C maculata r 0.020 0.312 0.117 -0.009 -0.496 
vs. P 0.845 0.002 0.429 0.927 <0.001 
inches df 96 96 48 96 96 
tunneling 
C. munda r 0.I4I 0.279 0.311 0.430 0.341 
vs. P 0.170 0.006 0.031 0.678 0.001 
inches df 96 96 48 96 96 
tunneling 
C. carnea r 0.470 0.456 0.046 0.242 0.519 
vs. P <0.001 <0.001 0.758 0.018 <0.001 
inches df 96 96 48 96 96 
tunneling 
0. insidiosus r 0.587 0.441 0.450 0.266 0.517 
vs. P <0.001 <0.001 0.001 0.009 <0.001 
inches df 96 96 48 96 96 
tunneling 
A/, grandii r 0.643 0.572 0.325 0.168 -0.165 
vs. P <0.001 <0.001 0.024 0.101 0.108 
inches df 96 96 48 96 96 
tunneling 
Parasitic Hym. r 0.403 0.350 0.075 0.258 -0.345 
vs. P <0.001 0.001 0.610 0.011 0.001 
inches df 96 96 48 96 96 
tunneling 
Syrphidae r 0.065 0.328 0.373 0.324 0.065 
vs. P 0.531 0.001 0.009 0.001 0.530 
inches df 96 96 48 96 96 
tunneling 
* Kanawha plots were canceled in 1998. 
''Total is the correlation over all years and locations. 
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UTILITY OF PLANTING DATES AS A RESISTANCE MANAGEMENT 
TOOL FOR EUROPEAN CORN BORER (LEPIDOPTERA: 
CRAMBIDAE) IN BACILLUS THURINGIENSIS CORN 
A paper to be submitted to Crop Protection 
Clinton D. Pilcher and Marlin E. Rice 
Abstract 
Field studies were conducted to determine how adjusting the planting dates of 
transgenic Bacillus thuringiensis Berliner (Bt) com and non-Bt (near isogenic) com, Zea 
mays L., could be utilized as a means for implementing Bt com as a tool for managing 
European com borer, Ostrinia mibilalis (Hubner). Transgenic Bt (events 176 and Btl 1) and 
non-Bt com was planted at three different times to use the early- and late- planted Bt com as 
a trap crop for ovipositing European com borer moths. Grain moisture and yields were 
recorded to determine the economic benefits of Bt com planted on the different dates, based 
on European com borer population and com damage data collected before harvest. Data 
were recorded at four locations including southwestern, central, and northem Iowa for 3 
summers (1996-1998). Economic benefits are discussed in relation to economic injury levels 
and yield results. Adjusting the planting dates of Bt and non-Bt com provided few consistent 
results over the 3 year period and 4 locations of the study. However, greater benefits were 
realized when Bt com was planted late during the planting sequence in southwestem and 
central Iowa. In addition, planting Bt com early in northem Iowa provided more economic 
benefits. As a resistance management strategy, this approach could be easily implemented, 
and it is clear that insect movement is easily manipulated. However, it is not known whether 
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this approach would best utilize the refuge concept or not. Further research needs to address 
the time synchrony of adult European com borer emergence. 
Introduction 
The European com borer, Ostrinia nubilalis Hubner (Lepidoptera: Crambidae), is one 
of the major insect pests of com, Zea mays L., across North America, costing com growers 
an estimated $1—2 billion dollars annually (Bode and Calvin 1990, Mason et al. 1996). From 
this estimate, roughly 10-20% can be attributed to control expenditures that include scouting 
and insecticide costs. A survey of field com growers in Iowa and Minnesota determined that 
only 30 and 17% have attempted to manage first and second generation European com borer, 
respectively, using synthetic insecticides (Rice and Ostlie 1997). Although Iowa com 
growers have a history of not managing this pest, most believe they have lost more yield to 
European com borer than any other com insect (Pilcher and Rice 1998). Lack of 
management exists even though an estimated 6.5% yield loss occurs aimually due to a 
combination of first and second generation European com borer damage across the Com Belt 
(Dermis Calvin, personal communication). In Iowa alone, research has shown that use of 
insecticides to manage second generation European com borer produced an average yield 
return of 8 bushels per acre (Rice 1997). Part of the negligence in managing European com 
borer arises firom the risk of making an incorrect decision, difficulty of scouting, and timing 
an insecticide application (Rice and Ostlie 1997). Most of the risk is associated with the lack 
of available cost-effective management tools that help to minimize potential error in a 
grower's decision. 
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Beginning in 1996, growers had the option of purchasing field com that was 
genetically engineered to express a crystalline protein from a bacterium. Bacillus 
thuringiensis Berliner (hereafter called Bt). This bacterium is toxic to European com borer 
larvae (Ostlie et al. 1997). Grower surveys indicate that transgenic com will be adopted 
quickly (Pilcher and Rice 1998), and following the 1997 field season, over 51% of the 
growers that grew Bt com thought Eim>pean com borer caused more yield loss than they had 
believed before Bt com usage (Pilcher et al., unpublished data). Interest in transgenic com 
arises from the many benefits they offer, including yield protection, season-long control (86-
99% control depending on which Bt event is used), reduced production costs such as field 
scouting or spraying with an insecticide, reduced stalk lodging or ear droppage, increased 
safety to growers, reduced impact on natural enemies, and no mammalian toxicity (Pilcher et 
al. 1997, Rice and Pilcher 1998). Transgenic Bt com also has potential limitations, 
especially, that farmers can not predict an economically-damaging population before spring 
planting due to the high variability in population dynamics from year to year and across 
geographical regions. This leads to grower uncertainty and includes the risk of not obtaining 
an economic return on the added premium price of Bt com. It is also expected that European 
com borer may become resistant to Bt com. If this occurs, Bt as a pest management option in 
the form of transgenic com and microbial insecticides will be lost. Subsequently, synthetic 
insecticide use may increase, loss of related Bt products due to cross-resistance may occur, 
and public perception of transgenic crops may be affected (ILSI 1998). It is imperative that 
effective resistance management tactics are integrated into a pest management program and 
established in a timely manner. Success in this process will not only impact the development 
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of future insect-resistant crops, but will provide the basis for developing future sustainable 
pest management systems that are economically beneficial and provide for a quality 
environment. 
One of the recommended strategies for growing Bt com is to also plant non-Bt com 
that will act as a refuge, where susceptible European com borer will survive so they can mate 
with potential survivors from Bt com (Ostlie et al. 1997, Alstad and Andow 1996, Gould 
1998, ILSI 1998). The goal is to decrease and delay the chance of Bt resistance developing 
in European com borer populations. Questions revolving around design of the refuge 
concept include how (e.g., every other row, strips, blocks), where (same field, neighboring 
field, distance between Bt and non-Bt com), and when (planting sequence of Bt and non-Bt 
com) should the refuge be planted. In addition, the idea is not to just plant a refuge, but to 
plant an "effective refuge". The complexity of establishing an "effective refuge" involves 
understanding each component of the agroecosystem, which is difficult One important 
component is the complex biology and ecology of European com borer, which is only 
partially understood. However, the limited knowledge available on European com borer 
biology and the plant-insect interactions that occur with com may be useful. 
The European com borer has several ecotypes capable of completing one to four 
generations across different latitudes; however, throughout the central Com Belt where most 
field com is grown, two generations occur (Mason et al. 1996). European com borer moths 
exhibit preferences to certain stages of com development during oviposition (Caffiey 1919, 
Caffrey and Worthley 1927, Mason et al. 1996). Emerged female moths from the 
overwintering populations prefer to lay their first-generation eggs in the tallest, earliest-
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planted com in the area. Moths from the first generation then prefer to lay the second 
generation eggs on late-planted com, which is typically less physiologically mature (R1 
stage, silking) and more succulent than the earliest-planted com (Ritchie et al. 1993, Mason 
et al. 1996). 
Adjustment of planting dates to take advantage of Bt com and European com borer 
biology may be a way to establish an effective refiige. In a recent survey attempting to 
determine acceptable resistance management strategies, 32% of the growers selected the 
option of planting Bt and non-Bt com at a specified ratio at different times to use Bt com as a 
preferred host during peak European com borer egg laying periods (Pilcher and Rice 1998). 
Although this cultural tactic has not been widely used in the past (Rice and Ostlie 1997, 
Pilcher and Rice 1998), the integration of Bt com into a pest management system may 
provide an opportunity to better utilize cultural management tactics, allowing planting date 
separations of Bt and non-Bt com to be a viable alternative. TMs tactic could lead to growers 
planting less Bt com and still control a significant portion of the European com borer 
population (Onstad and Gould 1998). Transgenic Bt com could be planted early to recruit 
eggs from the overwintering adult population and planted late to recruit a majority of the egg 
masses into the late-planted com during the second generation. Strategically planting Bt and 
non-Bt com could improve the likelihood that economic popiilations would occur in Bt com 
during low European com borer years, which decreases the risk associated with making the 
wrong decision to plant Bt com. 
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The objective of this study was to evaluate the yield results from sequential plantings 
of Bt and non-Bt com and determine the economic feasibili^ of using planting dates to 
implement Bt com into an integrated pest management system. 
Materials and Methods 
Transgenic Bt com has different levels of European com borer efficacy, depending 
upon which event is being used (Rice 1997). In this study, two events were evaluated 
including event 176 (KnockOur™, Novartis Seeds, Greensboro, NC) and event Btl 1 (event 
YieldGard™, Novartis Seeds, Miimeapolis, MN). Multiple locations were chosen across 
Iowa because com hybrids respond differently across the state to growing season variations 
and European com borer exhibit differences in flight periods, increasing in length from 
southwestern to northeastem Iowa. Three years of data were collected at four Iowa State 
University research farms; 1) Armstrong Research Farm, Lewis, in southwestem Iowa; 2) 
Bruner Farm, Ames, in central Iowa; 3) Northeastem Research Farm, Nashua, in northeastem 
Iowa; and 4) Northern Research Farm, Kanawha, in north central Iowa. Field maintenance, 
including fertilizers, herbicides, and tillage, was completed by each of the farm managers 
based on normal practices for their locations. 
At each location, except Kanawha, there were two separate field studies to evaluate 
both genetic Bt events. One study evaluated event 176 by using MAX454 (1996-1998) as 
the transgenic hybrid at each location and 4490 (1996) or 4494 (1997-1998) as the non-Bt 
hybrids. The other field study at each location, except Kanawha, evaluated event Btl 1 by 
using the following: N6800Bt and N6800 (1996: Ames, Lewis, Nashua), N7333Bt and 
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N7333 (1997-1998: Ames, Lewis), N4640Bt and N4640 (1997-1998: Nashua). All hybrids 
were 110-112d maturity hybrids, except N4640, which was a 102-106 hybrid. 
A split-plot design was used for each experiment, with com type (Bt and non-Bt com) 
as the main plot and planting time as the split-plot Three planting time treatments were 
used, with target planting dates as follows: early (April 20-30), middle (May 1-10), and late 
(May 10-20) (Table 1). Each of the three plantings was targeted to be approximately 10 d 
apart Therefore, each planting time represented one-third of the plot being planted. Each 
com type by planting date combination was replicated using four blocks, with planting times 
randomized within main plots and main plots randomized within blocks. Each individual 
plot (6 plots per replication) was 70-100 ft long (depending on location) and 24 rows wide. 
Plots were planted using 30 in. rows at a seeding rate of 27.7-28.8k seeds per acre, 
depending upon the site. The seeding rate was constant across all planting dates within each 
year and location. 
Seven measurements were recorded (Pilcher 1999). The com growth stage (Ritchie et 
al. 1993) of each planting time was recorded weekly during the first (early June to early July) 
and second (late July to late August) flight periods. Weekly egg mass counts were also 
recorded during each flight period. Guthrie leaf ratings (1-9 scale; 1 = no leaf injury, 9 = 
greatest leaf injury) (Guthrie et al. 1960) were used to measure leaf injury from first 
generation larvae. Stalk tunneling was used to measure stalk injury from the first generation 
and was combined with ear shank timneling to measure injury from the second generation. 
Second generation European com borer larvae were counted in the ear tip. Guthrie ratings, 
larval sampling, and stalk tunneling evaluations took place in rows 8 and 17 to avoid plant 
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destruction of the middle eight rows of each plot, which were reserved for collecting grain 
yield. Natural enemy abundance was measured with sticky traps during each European com 
borer generation at each study location each year (Pilcho: 1999). 
Quantifying the effects of planting dates and com type (Bt and non-Bt) on yield-
relationships to European com borer injury complement observations firom related studies 
(Pilcher 1999). Following plant physiological maturity, plant popiilations were recorded for 
each study at each location every year. At the time of harvest, grain moisture was recorded 
simultaneously with weight Weights were recorded using a weigh wagon at Ames or an 
onboard scale within the collection bin of the combine at Lewis, ICanawha, and Nashua. The 
middle 8 rows were machine harvested at Lewis. The middle 6 rows were machine harvested 
for grain at Ames, Kanawha, and Nashua. Grain yields were calculated by adjusting weights 
to 15.5% moisture and are reported as bushels per acre. 
Plant population, harvest moisture, and yields were analyzed using a split-plot 
ANOVA. Main plots were com types (Bt and non-Bt com), and split plots were planting 
times (early, middle, and late). Hypothesis tests were used to determine significance for the 
following treatment effects: com type, planting date, and com type by planting date. An 
economic analysis was conducted to determine if profit or loss could be accurately predicted 
using Bt com, non-Bt com, and planting dates based on observed egg density and plant injury 
(Mason et al. 1996, Pilcher 1999). Actual profit or loss was compared to the predicted profit 
or loss based on yield comparisons between com types. Correlation analyses were run on 
inches tunneling, predicted }deld loss in bushels (based on estimated larvae per plant), and 
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actual profit or loss per acre (SAS Institute 1995). Regression equations are reported based 
on significant correlations. Significance for statistical analyses was set at P = 0.05. 
Results 
Planting dates were separated farther than initially desired in 1996 (Table 1). Cool, 
wet soil conditions made fieldwork difBcult and separations in planting ranged from 13—30 d. 
In 1997, planting and growing conditions were better and planting dates were closer to the 
desired protocol averaging just less than 13 days per separation. In 1998, planting conditions 
allowed for a planting spread of 10-16 d. Planting date separations led to variation in plant 
populations and harvest moisture at physiological maturity. 
Plant population and harvest moisture increased with delays in planting. Significance 
among plant populations was limited to differences among planting dates. Plant density 
ranged from 19.5-26.7 k for the early planting, 20.9-27.4 k for the middle planting, and 
24.4—28.0 k for the late planting date. Discrepancies from typical plant populations occurred 
in the event 176 plots at Ames in 1996 (early = 25.4 k; middle = 20.9 k; late = 26.3 k), event 
176 plots at Nashua in 1997 (early = 26.2 k; middle = 25.2 k; late = 26.0 k), event Btl 1 plots 
at Lewis in 1998 (early = 26.7 k; middle = 24.7 k; late = 24.4 k), and the event 176 plots in 
Nashua in 1998 (early = 19.5 k; middle = 25.6 k; late = 26.7 k). In 1996, water settled in 
parts of the event 176 plots at Ames and in 1998 winds knocked down around 20% of the 
plants at Nashua. 
Harvest moisture ranged from 16.1-27.8 % for the early planting, 16.3—29.2 % for the 
middle planting and 17.1-33.1 % for the late planting date (Table 2 & 3). Significance 
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among planting dates occurred for each of the 20 experiments, with the early planting date 
having the lowest moisture, followed by the middle planting, and finally, the highest 
moisture in the late planting date. In addition, percent moisture was significantly higher at 5 
of the 20 experiments in Bt com compared to non-Bt com. There were no experiments where 
non-Bt corn's percent moisture was higher than Bt com. Four of those five locations were at 
Kanawha and Nashua, where Bt com averaged a percentage point higher than non-Bt com. 
Significant yield differences (bushels/acre) between com types occurred on 3 of the 
20 comparisons where Bt outyielded non-Bt com. Differences were observed at Lewis in the 
1996 event 176 plots (F= 14.9; df = 1,3; P = 0.031), Ames in the 1997 event Btl 1 plots (F = 
24.8; df = 1,15; P < 0.001), and at Lewis in the 1997 event Btl 1 plots (F= 713.6; df = 1, 3; 
P < 0.001). On 3 additional studies, a significant Bt by planting date interaction occurred. 
These differences were observed at Kanawha in the 1996 event 176 plots (F= 12.6; df = 2, 
12; P = 0.001), Nashua in the 1996 event 176 plots (F= 9.7; df = 2, 12; P = 0.003), and at 
Lewis in the 1997 event 176 plots (F= 10.2; df = 2, 12; P = 0.003). Most of the variation 
occurred among planting dates, and significant differences were observed on 16 of the 20 
comparisons. In general, the early planting date sustained higher yields in most of the tests 
(Table 2 & 3). 
Correlation analyses were conducted between the predicted yield loss in bushels 
(prediction based on European com borer egg density and estimates of larval survival) and 
mean inches tunneling per plant in non-Bt com (Pilcher 1999). Correlation coefficients for 
the different Bt events across years by location ranged firom -0.85 < r < 0.46 and were not 
significant for the event 176 comparisons. But, significance did occur at Lewis and Ames 
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with the event Btl 1 comparisons (0.22 < r < 0.94). By combining the Bt events and 
evaluating across locations by year, in 1996 and 1998, no significant correlation occurred. 
However, in 1997, the correlation was highly significant (r = 0.61; df = 21; /* = 0.003). In 
comparing each of the planting dates across years and locations, significance occurred on the 
early (r = 0.47; df = 20; /* = 0.03) and late plantings (r = 0.45; df = 20; P = 0.04), but did not 
for the middle planting {P = 0.142). 
Results were different when comparing the actual profit or loss to mean inches 
tunneling per plant in non-Bt com. Profit or loss was figured by subtracting non-Bt com 
yield firom Bt yield times the average market value ($2.50) minus the technology fee 
($10.00/A) and assuming no yield loss to European com borer in Bt com. Correlation 
coefGcients for the different Bt events across years by location ranged from -0.22 <r< 0.53 
with no significance observed for the event 176 comparisons and 0.45 <r< 0.94 with 
significance occurring at Lewis and Ames for the event Btl 1 comparisons. The Bt events 
were combined and evaluated across locations by year. Significance occurred in 1996 (r = 
0.61; df = 21; P = 0.004) and 1998 (r = 0.65; df = 18; P = 0.004), but were not observed in 
1997 (r = 0.28; df = 21; P = 0.219). In comparing each of the planting dates across years and 
locations, significance occurred on the middle (r = 0.49; df = 20; P = 0.030) and late 
plantings (r = 0.62; df = 20; P = 0.004), but not for the early planting (r = 0.19; df = 20; P = 
0.419). 
When predicted yield loss in bushels was compared to actual profit or loss, 
correlations ranged from 0.20 < r < 0.68 with significance occurring at Lewis for the event 
176 plots. For the event Btl 1 plots, the correlations ranged from 0.04 <r< 0.85 with highly 
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significant correlations occurring at Ames and Lewis. When the Bt events were combined 
and correlations were compared across locations by year, significance was observed in 1997 
(r = 0.47; df = 21; P = 0.03) and 1998 (r = 0.48; df = 18; P = 0.042), but did not occur in 
1996 {P = 0.829). When the planting dates across years and locations were evaluated, 
significance was only observed for the early planting date (r = 0.55; df = 20; P = 0.012) and 
not the middle {P = 0.83) or the late planting (P = 0.38). 
There are two ways to evaluate the utility of Bt com and the economics of adjusting 
planting dates as a management tool. One is to determine whether Bt com provided benefits 
based on scouting and determining economic injury levels. The second is to evaluate yield 
results and figure the profit or loss based on the differences in bushels per acre. During the 
first generation, the mean number of larvae per plant exceeded the economic injury level 6,4, 
and 0 times out of 20 comparisons in the early, middle, and late plantings, respectively, 
across locations and years. The total number of eggs laid were averaged over each of the 
three plantings, and assuming no preference for planting times, the economic threshold was 
reached in 5 out of the 20 comparisons. Therefore, benefit of using planting times was 
marginal for the first generation. For the second generation, the mean number of larvae per 
plant exceeded the economic injury level 7, 11, and 16 times out of 20 comparisons in the 
early, middle, and late plantings, respectively, across locations and years. Assuming the 
average across planting dates and ignoring any preference for planting times, the economic 
threshold was exceeded 12 times. Greater benefits were observed for use of planting dates 
during the second generation. Regardless, the European com borer population was either too 
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low or too high for the early and late planting dates to recruit enough eggs to offset the 
density to below the thresholds in the middle planting. 
Grain weights (yields) were recorded to measure the actual profit or loss of Bt com 
compared to its non-Bt (isogenic) counterpart (Table 2 & 3). With 6 possible comparisons 
per location (combined event 176 and event Btl 1 across 3 years), Bt com was profitable in 4 
early, 4 middle, and 6 late plantings in southwestern Iowa (Lewis). In central Iowa at Ames, 
Bt provided a profit on 1 early, 3 middle, and 2 late plantings out of the 6. In northem Iowa 
with Kanawha and Nashua, Bt com was profitable in 3 early, 2 middle, and 2 late plantings 
out of the 8 possible comparisons (Table 2 & 3). Of these comparisons, profits from Bt com 
were only obtained on 27% of the event 176 plantings (Table 2) compared to 59% of the 
event Btl 1 plantings (Table 3), given some assumptions. However, actual profit or loss was 
typically different from what was predicted based on European com borer egg density (Table 
2 & 3). In considering just a profit or loss without yield quantity, predictions were correct on 
48% of the event 176 comparisons and 67% of the event Btl 1 comparisons. 
Discussion 
Spreading the planting dates of field com affects the phenology and performance of 
the crop. This effect also modifies the agroecosystem, which affects the way in which 
different components need to be managed including weeds, insects, soil tillage, irrigation, 
and harvest. Specifically with insects, the population biology of the pest and associated 
natural enemies is affected because the interaction between these insects and com plants with 
different growth patterns change. Our study was designed to determine how different com 
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plant phenologies of Bt and non-Bt com affect European com borer egg-laying behavior and 
feeding damage, natural enemy populations, and economic profitability (Pilcher 1999). 
These studies attempt to offer a better understanding to several topics issued as future 
research needs by (Hokkanen and Wearing 1994) and more recently (McGaughey et al. 
1998). These issues included a need to better understand the behavior and biology of the 
target pests, effects of pest man^ement strategies on the abundance of predators and 
parasites, and the practical aspects of implementing and managing non-Bt com refuges 
(economic impacts). 
From a logistical standpoint, differences in planting dates are unavoidable; in fact, 
over the past five years, only 53% of the Iowa com acreage has been planted by the 
recommended May 10 deadline (NASS 1998). Based on this fact, adjustment of planting 
dates could be a realistic strategy. Over the three years of this study, following the 10-day 
separation in planting dates by protocol was difficult to accomplish. In addition, certain 
unavoidable agronomic differences occur with delays in planting like an increase in plant 
population and an increase in harvest moisture. Decreased plant population in earlier 
plantings and increased harvest moisture of late-planted Bt com is important to consider 
when determining planting sequence of Bt and non-Bt com. By planting Bt com early, some 
stand loss occurs due to a 5-10% decrease in seed germination. However, the expense of 
drying late-planted Bt com in the bins at the end of the season may offset the seed 
germination expense. 
Yield results will likely have the greatest impact for a grower determining whether or 
not to use a planting time strategy. This study was designed to be more sensitive to 
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differences in planting dates rather than differences between Bt and non-Bt com. The 
number of significant differences that occurred among planting dates was greater than the 
differences between Bt and non-Bt com. Clearly, delays in planting decrease yield; however, 
is the yield gained by using Bt com enough to offset the delay in planting? At six out of the 
20 comparisons (4 Lewis, 2 Nashua; 2 event 176,4 event Btl 1), the Bt yield was enough to 
offset the loss from delayed planting. However, in most cases, planting date differences were 
greater. Therefore, based on yield results alone, planting com in a timely manner is probably 
more important than determining when during the planting sequence Bt com should be 
planted. 
Scientists have developed models to evaluate how adjustment of Bt com planting 
dates may affect the development of resistance in the European com borer population (Alstad 
and Andow 1995) and the economics of incorporating this technique as a resistance 
management strategy (Hyde et al., unpublished data). Alstad and Andow (1995) suggest that 
use of planting times to recruit egg-laying into Bt com will decrease the selection pressure 
against European com borer and reduce populations in the later-planted non-Bt com refiige 
areas. Conversely, Calvin (unpublished data) suggests that off setting the planting of non-Bt 
com using different planting dates lowers the effectiveness of the refiige because this 
decreases random mating. In addition, Calvin (unpublished data) concluded that planting 
dates caimot be used to select which fields will benefit the most from Bt com technology and 
the number of eggs recruited into a particular planting date is not a good indicator of larval 
population and subsequent crop injury. Finally, Hyde et al. (impublished data) evaluated the 
economics of Bt com by comparing it to scouting and spraying, considering European com 
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borer infestation probability, comparing different Bt events, and determining value based on 
associated risk; planting dates affect all of these categories. 
Our study complements, yet refutes, the above findings in several different ways. 
First, European com borer egg density can be manipulated by adjusting the planting dates of 
com, which changes the plant phenology during the growing season (Pilcher 1999). In 
considering Alstad and Andow's (1995) model, they suggested that 1** generation European 
com borer density would be decreased in the delayed non-Bt com planting and assimied that 
equal distribution of eggs occurred during the second generation. Our study shows that the 
latter is clearly not the case. European com borer density may be decreased in a 50:50 
early/late planting split, but we observed that about the same number of eggs foimd in the 
middle planting would have occurred, regardless of the separation among the three planting 
dates (Pilcher 1999). In addition, European com borer moths show a clear preference for the 
later-planted com to lay their second-generation eggs. Our results were in accordance with 
those of Calvin (unpublished data) suggesting that egg density is not a good indicator of 
larval density and subsequent plant injury. Furthermore, the relatedness between tunneling 
and yield loss was highly variable across the different locations. At Lewis, predicted yield 
losses (based on larval estimates from egg density) were highly correlated to observed yield 
losses, but the opposite was true in northern Iowa. This is probably due to the variability in 
plant response across different latitudes, which would affect how well a plant would respond 
to European com borer injury. 
There are six pest biological factors that influence resistance development to 
transgenic crops (ILSI1998). Two of those factors were addressed in this study, pest 
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movement and time synchrony of adult mating. When potential mates move and redistribute 
the likelihood of a susceptible and resistant pair, mating increases. Conversely, if European 
com borer moths are attracted to specific com plantings and this decreases movement, 
chances for inbreeding of resistant moths would potentially increase. In addition, the early-
planted com picks up more eggs early in the growing season compared to subsequent 
plantings. Individuals that develop in the early-planted com are likely to emerge early and 
miss mating opportunities with individuals that would be delayed in emergence in later-
planted com. While our studies suggest that zones of isolation likely occur, there is no 
evidence to suggest that inbreeding would increase and Alstad and Andow's (1995) theories 
with regard to influx of susceptibility may, in fact, be tme. Regarding synchrony of adult 
mating, Calvin (unpublished data) suggests that segregation in age stmcture occurs during the 
first generation. This may be tme for susceptible moths, but resistant individuals may suffer 
a fitness cost, and if this happens, susceptible individuals that are delayed in development 
would be beneficial. Little is known about these two subjects, therefore, conclusions should 
not be drawn. 
The economics of a creative planting date strategy will likely have the greatest 
influence on its adoption. In Hyde et al.'s (unpublished data) economic evaluation, it was 
assimied that the likelihood of an economic infestation was only 25% in Indiana. In oiir 
opinion, a grower would be most interested in a management tool that would improve the 
utility of Bt com when an economic infestation did occur. Secondly, in those years where 
low infestations do occur, the objective should be to concentrate the population in Bt com, 
minimi2dng occtirrence in non-Bt com even more. Planting date adjustments would be an 
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efifective means of accomplishing those goals. However, based on economic injury levels in 
this study, none of the planting dates provided a clear advantage over the other when the first 
and second generation results are combined. If the planting date concept had worked as 
theorized, the middle planting would have experienced lower populations, not reaching 
economic levels. Yields were also used to measure potential utility of Bt com, and the 
results of this study show that economic benefits do occur, with adjustments made in planting 
times. However, predicting when during the planting sequence that a fanner should plant Bt 
com to realize the greatest benefit is impossible. 
In southwestem and central Iowa, egg densities were highly correlated with stalk 
tunneling and expected yield differences between Bt and non-Bt com based on stalk 
tuimeling occurred. In addition, correlations between predicted yield loss and the actual loss 
were significant at Lewis and Ames. Based on these results, the greatest benefits from Bt 
com would likely occur by planting it late during the planting sequence in southern and 
central Iowa. In northern Iowa, European com borer densities were lower and significant 
correlations were fewer in number, however, Bt com provided the greatest benefits from the 
early plantings. Future research should focus on yield studies over larger areas with a higher 
number of replications. In addition, the design of the study could be altered to be more 
sensitive to differences between Bt and non-Bt com, which would give a better idea of the 
economic benefits associated with planting dates as a cultural management alternative. 
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Table 1. Planting dates at four loAva locations over three years 
Location Planting category 1996 1997 1998 
Lewis Early 19 April 29 April 28 April 
Middle 19 May 12 May 11 May 
Late 12 June 21 May 27 May 
Ames Early 6 May 29 April 24 April 
Middle 21 May 14 May 6 May 
Late 11 June 23 May 18 May 
Kanawha Early 1 May 25 April 4 May 
Middle 13 May 13 May 14 May 
Late 30 May 22 May 27 May 
Nashua Early 23 April 23 April 27 April 
Middle 7 May 7 May 11 May 
Late 31 May 21 May 21 May 
Table 2. Predicted and actual economic benefits of growing Bt (event 176) and non-Bt com for each planting date by location and 
year. Economic injury levels and expected larval count per plant based on egg mass density in non-Bt com. 
Year Location Planting EIL" Larvae' EIL Larvae Predicted Predicted Bt yield' non-Bt yield' Actual' 
date* !" I" 2nd JIMI bu. loss*' profit (loss)* (moisture) (moisture) profit (loss) 
1996 Lewis Early 0.46 1.66 1.20 1.01 19.39 $31.43 157.1 (18.7) 141.8(18.9) $ 28.27 
Middle 0.49 0.56 0.87 2.42 18.29 $31.23 149.6(22.1) 146.2(21.2) ($ 1.50) 
Late 0.65 0 1.18 lO.II 42.46 $85.33 140.9(30.0) 113.3(27.7) $ 58.87 
Ames Early 0.47 0.36 1.24 1.21 8.51 $ 8.19 122.3(23.8) 145.7 (22.0) ($68.55) 
Middle 0.51 0 0.92 7.58 40.64 $81.60 90.5 (29.8) 103.6 (27.5) ($42.90) 
Late 0.67 0 1.22 7.58 30.94 $59.45 105.7 (32.5) 100.7 (30.2) $ 2.65 
Kanawha Early 0.46 2.02 1.20 1.82 26.36 $46.3! 166.1 (24.6) 152.6(23.7) $23.79 
Middle 0.47 L66 LOS 1.63 2L8I $39.15 151.9(28.1) 162.0 (23.8) ($35.47) 
Late 0.53 0.36 0.95 7.58 42.19 $84.72 135.5(33.2) 144.9(30.2) ($33.51) 
Nashua Early 0.46 1.48 1.20 2.22 23.42 $40.03 161.7(27,9) 143.8 (27.6) $34.58 
Middle 0.46 1.66 1.06 1.21 20.31 $35.78 155.4(28.8) 159.0(27.6) ($18.84) 
Late 0.53 0 0.96 5.05 26.08 $48.56 135.0(34.0) 145.8 (32.1) ($36.95) 
1997 Lewis Early 0.46 0.56 1.20 2.42 16.20 $24.60 119.8(17.1) 125.4 (16.9) ($24.15) 
Middle 0.46 0.18 0.83 2.42 15.99 $26.04 122.2(17.1) 120.4(16.9) ($ 5.43) 
Late 0.49 0 0.89 5.05 28.11 $53.10 120.3 (17.5) 109.0(17.1) $18.46 
Ames Early 0.36 0.18 0.94 2.02 13.93 $19.75 195.0(16.3) 199.4(17.1) ($20.87) 
Middle 0.37 0.36 0.85 5.05 33.10 $64.59 199.9(17.6) 187.6(17.3) $20.89 
Late 0.39 0.18 0.70 5.05 37.67 $74.57 172.7(18.6) 174.6(17.8) ($14.73) 
Kanawha Early 0.46 0.36 1.20 1.01 7.89 $ 6.85 135.3 (20.6) 150.2(21.2) ($47.31) 
Middle 0.47 0 0.84 2.42 14.22 $22.04 140.4(24.1) 143.5 (23.8) ($17.91) 
Late 0.50 0 0.90 2.84 15.65 $25.13 134.6(27.7) 140.3(24.1) ($24.23) 
Nashua Early 0.46 0.36 1.20 0.40 5.03 $ 0.74 167.6(20.3) 165.2(19.9) ($3.97) 
Middle 0.46 0 1.06 0.81 3.78 ($1.48) 164.1 (20.9) 167.3 (20.4) ($18.10) 
Late 0.49 0 0.89 0.62 3.42 ($2.32) 174.6(21.9) 175.0(21.8) ($11.04) 
1998 Lewis Early 0.46 0.36 1.20 0.40 5.03 $0.74 162.8(16.2) 164.6(16.3) ($14.59) 
Middle 0.46 0 0.83 0.40 2.36 ($4.69) 159.8(16.2) 154.6(16.5) $ 2.83 
Late 0.51 0 0.93 1.21 6.43 $4.44 147.6(17.2) 136.0(17.0) $19.19 
Ames Early 0.36 0.18 1.46 0.40 3.52 ($2.48) 198.8(17.1) 197.5(16.9) ($6.68) 
Middle 0.36 0.18 0.84 0.20 3.17 ($2.86) 190.6(17.6) 193.9(18.0) ($18.31) 
Late 0.38 0 0.68 0 0 ($10.00) 172.9(21.1) 175.3(21.3) ($16.01) 
Nashua Early 0.39 0 1.32 0.40 1.66 ($6.45) 171.3(20.9) 176.8 (20.7) ($23.81) 
Table 2. (continued) 
Middle 0.39 0 0.91 0.40 2.13 ($5.19) 196.5(22.3) 202.1 (22.6) ($24.02) 
Late 0.42 0 0.76 0.20 1.30 ($7.09) 175.7(28.3) 182.2(28.2) ($26.26) 
* Planting dates listed in Table I. 
** EIL = Economic injury level for flrst generation; the formula is as follows; EIL = CC/PL X MV X BY X PC (Mason et al. 1996). EIL based on market 
value of $2.50 (MV) and expected yields (EY) were adjusted by year, location, and date of planting 
' Expected first generation larval count per plant based on egg density at 50% completion of egg laying (Mason et al. 1996) 
** Predicted bushels/acre loss was figured by taking the predicted larval counts X proportional loss per larva at that plant stage X expected yield for each 
generation and combining the two generations 
' Predicted profit (loss) = Predicted bushels loss X $2.50 X proportion controlled (PC) • $10.00 seed premium (CC) 
' Bt com and non-Bt com yields presented in bushels per acre (adjusted to 15.5% moisture) followed by percent moisture at harvest in parentheses 
' Actual profit (loss) = (Bt yield - non-Bt yield X $2.50) - $10.00 seed premium 
Table 3. Predicted and actual economic benefits of growing Bt (event Btl 1) and non-Bt com for each planting date by location 
and year. Economic injury levels and expected larval count per plant based on egg mass density in non-Bt com. 
Year Location Planting EiL" Larvae* EIL Larvae Predicted Predicted Bt yield' non-Bt yield' Actual' 
date* I" 1" 2"" 2"^ bu. loss** profit (loss)* (motolure) (moisture) profit (loss) 
1996 Lewis Early 0.S3 0.36 1.00 1.41 8.43 $10.86 131.5(20.3) 118.0(20.7) $23.91 
Middle 0.57 0.36 0.83 2.42 14.27 $25.32 137.3(24.2) 123.9(25.9) $23.42 
Late 0.81 0 1.19 5.05 17.19 $32.54 132.6(30.6) 107.7(30.1) $52.06 
Ames Early 0.53 " 0;36 "l.OO" 0.8l ~ 6.04 ' $ 4.92 128.5(23.8) 129!I (24.5) ($li.5l)" 
Middle 0.58 0.18 0.85 2.64 13.82 $24.20 112.0(30.5) 116.8(28.0) ($21.96) 
Late 0.79 0 1.16 5.05 17.59 $33.54 90.8(33.9) 90.8(30.9) ($10.04) 
Nashua' Earfy ' 0.46 2.40 6.8^" o;62 24.10 " $49.65 158.6(25.3) 157.5(25.9) ($7.22)' 
Middle 0.46 2.02 0.87 0.81 21.66 $43.60 155.1 (26.3) 148.1 (27.1) $7.47 
Late 0.53 0.18 0.78 3.03 17.02 $32.12 145.4(29.0) 146.2(28.7) ($12.05) 
1997 Lewis Early 0.46 0 0.87 5.05 23.51 $48.18 144.4(19.0) 122.4(18.1) $45.03 
Middle 0.46 0.18 0.68 2.42 15.88 $29.31 145.5(18.7) 120.1 (18.3) $53.59 
Late 0.49 0.18 0.73 5.05 29.58 $63.21 146.9(19.8) 122.5(18.3) $50.91 
Ames Early" 0J6 0.92 0.69 l64" 25.85 $53.97 205.1 (18.2) 189.9(17.6) $27.96" 
Middle 0.37 0.36 0.70 5.05 33.10 $71.92 198.9(19.2) 186.4(18.3) $21.05 
Late 0.39 0.18 0.57 5.05 37.67 $83.23 191.4(20.7) 173.6(19.8) $34.44 
Nashua Early 0.46" 0 ~ 0.87 " 0.40 1.84 ($5.45) 168.7(17.7) 161.6(17.2) $7.71 
Middle 0.46 0.36 0.87 0.40 5.03 $ 2.44 162.4(17.7) 158.3(17.4) $0.31 
Late 0.49 0 0.73 1.01 5.62 $ 3.91 168.4(18.2) 160.2(17.8) $10.63 
1998 Lewis Early 0.46 0.18 0.87 0.40 3.43 ($1.50) 169.5(16.1) 161.0(16.2) $11.44 
Middle 0.46 0 0.68 0.62 3.67 ($0.92) 168.9(16.5) 158.7(16.5) $15.56 
Late 0.51 0 0.76 0.81 4.33 $ 0.71 138.9(18.4) 130.0(17.2) $12.21 
Ames Early ' d:36 0.36 0.89 0 " 4.04 ($0.01) 182.9(16.8) 191.8(17.2) ($32:36) 
Middle 0.36 0 0.69 0.20 1.17 ($7.12) 189.1 (17.9) 189.5(17.7) ($10.78) 
Late 0.38 0 0.56 0.62 4.48 ($1.09) 155.0(23.2) 152.1 (22.5) ($2.67) 
"Nashua Early ' 0.43 6 " 1.05 0.40 1.52 ($6.24) 154.1 (18.9) 162:6(19.1) ($3r33)' 
Middle 0.43 0 0.82 0.40 1.95 ($5.17) 162.9(26.7) 166.2(27.6) ($18.04) 
Late 0^46 0 0.68 0.40 2.36 ($4.16) 180.0(26.9) 169.4(27.3) $16.64 
* Planting dates listed in Table I. 
** EIL = Economic injury level for first generation; the formula is as follows: EIL = CC/PL X MV X EY X PC (Mason et al. 1996). EiL based on market 
value of $2.50 (MV) and expected yields (EY) were adjusted by year, location, and date of planting 
' Expected first generation larval count per plant based on egg density at 50% completion of egg laying (Mason et al. 1996) 
Table 3. (continued) 
** PredicCed bushels/acre loss was Tigured by caking Che predicced larval councs X proportional loss per larva at that plant stage X expected yield for each 
generation and combining the two generations 
* Predicted proflc (loss) = Predicted bushels loss X $2.50 X proportion controlled (PC) - $10.00 seed premium (CC) 
' Bt corn and non-Bt com yields presented in bushels per acre (adjusted to 15.5% moisture) followed by percent moisture at harvest in parentheses 
' Actual profit (loss) == (Bt yield - non-Bt yield X $2.50) - $10.00 seed premium 
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DROUGHT STRESS EFFECTS ON CRYIAB PROTEIN EXPRESSION 
IN LEAF TISSUE OF TRANSGENIC BT CORN AND ITS IMPACT ON 
EUROPEAN CORN BORER 
A paper to be submitted to Agronomy Journal 
Clinton D. Pilcher, Seydou Traore, Micheal D. K. Owen and Marlin E. Rice 
Abstract 
Field and laboratory studies were conducted with two transgenic com events: 
KnockOz/r (event 176) and YieldGard (event Btl 1) to determine if drought stress applied 
during two growth periods affected the concentration of the Cry 1 Ab protein from Bacillus 
thuringiensis (Bt). A rainout shelter was used to control the levels of stress applied to the 
plants. In addition, studies were conducted within a growth chamber. Stress measurements, 
Bt concentrations, and O. nubilalis bioassay data were collected. Stress treatments did not 
affect the levels of Bt protein expressed in green leaf tissue. However, differences were 
observed in O. nubilalis mortality during the silking stage of com that suggests stress during 
the early reproductive stages of com growth may affect the activity of the Bt protein. 
Introduction 
Fanners, in addition to scientists, have considerable interest in the performance 
characteristics of transgenic crops (Pilcher and Rice 1998). Field com, Zea mays L., has been 
genetically transformed to include a gene that was derived from Bacillus thuringiensis 
Berliner (Bt) (Koziel et al. 1993, Armstrong et al. 1995, Jansens et al. 1997). The gene 
produces a crystalline protein that is toxic to European com borer, Ostrinia nubilalis Hubner 
(Lepidoptera; Crambidae), a major pest of field com across the Com Belt. One advantage of 
166 
transgenic Bt com is that it expresses the protein in most parts of the plant throiighout the 
growing season (Rice and Pilcher 1998). However, questions surround the relative 
vulnerability of these crops to abiotic stresses and how the protein expression in the plant 
may vary (Hokkanen and Wearing 1994), depending upon plant response to those conditions. 
Expression of the Bt gene in transgenic com is afTected using either the cauliflower 
mosaic virus - 35S promoter or a combination of the phosphoenolpymvate carboxylase 
(PEPC) promoter and a pollen specific promoter (Koziel et al. 1993). Different promoters 
allow expression of the Bt protein in different tissues of the plant. The 35S promoter is a 
constitutive promoter causing expression throughout all tissues of the plant, which is 
beneficial because O. nubilalis feed on all aboveground tissues of a com plant (Mason et al. 
1996). The PEPC promoter in combination with the pollen specific promoter have high 
expression in leaf and pollen tissues, but low expression in the kemels and pith, allowing 
survival of O. nubilalis late in the growing season (Ostlie et al. 1997). In addition to 
differences in protein expression with different promoters, expression is not consistent across 
all tissues of a com plant. The levels of expression are highly variable, even within a single 
transformation event (Jeff Stein, personal commimication) making it difiicult to conduct 
experiments that evaluate Bt protein quantities in plant tissues. Such variation in expression, 
combined with the potential drop in Bt protein expression from drought stress, could affect 
control of Ostrinia nubilalis. 
Effects of biotic stresses like European com borer on com plant injury and subsequent 
yield loss have been quantified (Bode and Calvin 1990, Mason et al. 1996). In addition, 
selections of com varieties that are more tolerant to abiotic stresses, including drought. 
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continue (Specht and Laing 1993). However, limited research exists where the effects of O. 
nubilcdiSy combined with drought stress, have been quantified because each may affect 
different growth components differently. Godfrey et al. (1992) suggested that O. rmbilalis 
tunneling had serious effects on the iimctioning of the com vascular system (particularly the 
xylem vessels) and that soil moisture level had minimal effects on hydraulic conductance in 
the xylem system. They added, however, that O. rmbilalis had minimal effects on overall 
plant water relations, suggesting that the com vascular system is structured to buffer the 
effects of xylem system damage. A more recent study agrees with the latter statement and 
adds that the effect of vascular disruptions on water relations from O. rmbilalis is dependent 
on the severity, location, multiplicity of damage, stage of plant development, availability of 
soil nutrients and moisture, and evaporative demand (Jay Nicholson, unpublished data). 
Using stomatal conductance and leaf temperature, Godfrey et al. (1991) indicated that plants 
injured by O. rmbilalis respond similarly to the way in which they would respond to drought 
stress. In addition, drought-stressed plants were as conducive to O. rmbilalis infestation and 
survival as non-stressed plants (Godfrey et al. 1991). Transgenic crops, however, may 
respond differently and become more vulnerable to O. rmbilalis, depending on whether 
drought stress affects the plants ability to express the Bt protein or not. 
It is unknown how drought stress affects protein content in com plants. It has been 
suggested that protein concentration may increase in com tissue (Gershenzon 1984, Lilbum 
et al. 1991). Mattson and Haack (1987) state that, "as drought stress becomes more severe, a 
series of physiological and biochemical changes systematically occur within the plant. As a 
result, drought-stressed plants may at first become more capable but then less and less 
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capable of defending themselves against herbivory as stress intensifies". Secondary 
metabolites may accumulate in foliage during periods of drought stress because 1) plant 
growth is reduced more than is synthesis of allelochemicals and thus there is less plant tissue 
to "dilute" these compounds and/or 2) synthesis of allelochemicals is enhanced because 
greater quantities of carbon and nitrogen become available as a result of both slower growth 
and hydrolyzing of starch and protein (Mattson and Haack 1987). Conversely, older 
literature suggests that, at the onset of severe water stress, there is such a dramatic reduction 
in protein that one could expect protein degradation in addition to reduced protein synthesis 
(Shiralipour and West 1968). It is known that a variety of secondary metabolites are more 
abimdant in drought-stressed plants and water potential subsequently increases, but the 
osmotic regulation of individual solutes (including Bt proteins) and the mechanisms leading 
to their change in concentration within tissues is more difScult to understand (Holtzer et al. 
1988). Response of com plants to drought stress and how production of the Bt protein as a 
secondary metabolite will be aifected is unknown. Reduction in concentration or activity of 
the protein could potentially increase susceptibility of these transgenic products to O. 
nubilalis. 
Transgenic Bt com is highly effective in killing O. nubilalis larvae (Ostlie et al. 1997, 
Rice and Pilcher 1997, 1998). If environmental influences affect the efficacy of these 
products, there could be more at stake than reduced O. nubilalis control, particularly, the 
potential for resistance to develop in susceptible populations (Gould 1994, Gould 1998, 
McGaughey et al. 1998). A decrease in Bt protein expression could allow survival of O. 
nubilalis on Bt plants increasing likelihood that larvae would receive a sublethal dose of Bt, 
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which may increase the rate at >A^ch resistance could develop (Tabashnik et al. 1990). 
Therefore, the objectives of this research were to: 1) determine the effect drought stress has 
on the production of Bt protein in the leaves of two different transgenic com events; and 2) 
determine the relationship between protein expression and the level of O. nubilalis control. 
Materials and Methods 
Stody design 
Field and laboratory studies were conducted ftom 1996 to 1998. Data from field plots 
were collected within the confines of a rainout shelter at the Iowa State University Hinds 
Research Farm near Ames, Iowa. When precipitation occurred, a metal building 
automatically covered the water-controlled plots. Plots consisted of 145.5 L (32 gallon) 
plastic containers filled with soil and buried to ground level. Limiting the amoimt of water 
provided to the com plants controlled drought stress. When drought stress was applied for a 
particular treatment, the stress was maintained using leaf temperature and CO, stomatal 
conductance (Cs) measurements using a LI-6200 portable photosynthesis system (LI-COR, 
Lincoln, Nebraska, 68504) in 1997 and 1998. Measurements were recorded approximately 
the same time in which plant samples were collected for O. nubilalis bioassays and Bt protein 
quantification. Plots in the field were provided with 5.7 L water as needed, depending upon 
stress measurements in a companion study (Seydou Traore, unpublished data). Stressed 
treatments only received maintenance watering of 2.8 L periodically to maintain growth. 
Each study was set up in a randomized complete block configuration using 72 containers. 
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Treatments and replications were changed from year to year based upon the previous year's 
results. 
In 1996, there were 3 replications, 3 stress treatments, 2 O. nubilalis infestation 
treatments (infested or uninfested), and 2 com types (Bt and non-Bt com). The transgenic Bt 
hybrid was MAX 454 (BCnockOi//™, Novartis Seeds, Greensboro, NC), with the event 176 Bt 
gene, and the non-Bt hybrid was 4490 (isogenic). Both were 110 d hybrids. The stress 
treatments included stress applied during the first O. nubilalis generation (June) (labeled 
stress treatment #1), stress applied during the second O. nubilalis generation (late July 
through August) (labeled stress treatment #2), and a control (no stress) (labeled stress 
treatment #3). Ten seeds were planted per pot (each pot received either Bt or non-Bt seed) on 
01 May and thinned to two plants per pot following germination. Natural populations of O. 
nubilalis eggs were scouted for, and any found were removed from all plants each year. 
In 1997, there were 3 replications, 3 stress treatments, two com types (Bt and non-Bt 
com) and two different Bt events (KnockOw/™ and YieldGard™, Novartis Seeds, 
Minneapolis, MN). This allowed for 2 pots (four plants) per treatment per replication. The 
stress treatments are identical to those described above. The hybrids used for the Bt (with 
different events) and non-Bt com were as follows: the Bt hybrid with event 176 was MAX 
454 and the non-Bt hybrid was 4494; the Bt hybrid with event Btl 1 was 7333Bt, with the 
event Btl 1 gene, and the non-Bt hybrid was 7333. The KnockOw/™ Bt hybrid is event 176 
that uses a green tissue promoter (PEPC) and pollen specific promoter compared to the event 
Btl 1 Bt hybrid that uses a constitutive CaMV 35S promoter (ILSI 1998). Seed was planted 
on 01 May and thinned as described. 
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In 1998, there were 6 replications, 3 stress treatments, two com types, and two 
different genetic events, as described for 1997. The only difference in 1998 was the change 
from 3 replications to 6, allowing one pot (2 plants) per treatment per replication. Plots were 
planted on 07 May. 
Bt protein quantification 
During the first and second-insect generation periods, weekly leaf tissue samples were 
collected from each plant Approximately 7 inches of leaf tissue were removed from the tip 
of the uppermost, fully extended w^orl leaf during the first generation. Five inches per 
sample were collected from the same leaf during consecutive weeks. During the second 
insect generation, leaf samples were collected in the same manner from the ear leaf. Leaves 
were placed into a labeled paper sack that was placed into a cooler containing dry ice. 
Collected samples were retumed to the laboratory where a portion of each leaf sample was 
used for bioassays (described below) and the rest was used to quantify the Bt protein level. 
One leaf piece was collected from each plant, but the four leaf pieces (1996-1997) or two leaf 
pieces (1998) were combined to allow for one protein quantification measurement per 
replication for each treatment. Leaf tissue from Bt com plants (in addition to a few non-Bt 
plants for checks) was then powdered using a mortar and pestle filled with liquid N. The 
samples were then placed into vials, weighed, and stored at - 80 °C until further processing. 
Prior to protein quantification, samples were removed from the freezer and lyophilized. 
Procedures for protein quantification were conducted as described by Fearing et al. (1996). 
All leaf tissue was extracted using a Polytron homogenizer (Brinkman, Westbury, 
NY). Tissue extracts were prepared by suspending the lyopholized tissue 1:30 (w/v) in ice 
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cold extraction buffer. Protein was quantified by ELISA (enzjnne-linked immunosorbent 
assay) using antibodies specific for crystal proteins from Bacillus thuringiensis (Cry lAb). 
Absorbeince was determined using a plate reader and analyzed using the appropriate analysis 
software. Niunbers are reported in |i.g Bt/g fresh weight. 
Bioassay procedures 
From each leaf piece returned to the laboratory (Bt and non-Bt), three 15mm-leaf disc 
pieces were removed using a cork borer to conduct a bioassay for first and third O. nubilalis 
instars. The bottoms of 15 x 150mm plastic Petri dishes were filled with approximately 3 ml 
30% agar to provide a moist environment for the leaf tissue and the larvae. A piece of 
Whatman* filter paper was placed on the agar and the leaf disc placed on top of the filter 
paper. Five first instars (1996-1998) were placed onto one leaf disc. In addition, 3 third 
instars (1997-1998) were pleiced onto 2 leaf discs. The lids were sealed on with parafilm®, 
and all dishes were incubated at 26 °C, 16:8 L:D. Larval mortality was recorded 72 h later. 
Growth chamber study 
A similar smdy to the field study was conducted in a 400 cu. ft. growth chamber in 
1997 and 1998. The Northrup King hybrids N7333Bt (event Btl 1) and 7333 (non-Bt) were 
used. Plastic containers (22.8 L) were used to grow a single plant per container. Stress 
treatments were identical to those in the field. Nonstressed treatments received 2 L water as 
needed while stressed treatments received maintenance waterings of500 mL. The six 
treatments (3 stress treatments and 2 com type treatments —^Bt or non-Bt com) were 
replicated four times. Temperature was set at 26 "C, 16:8 (L:D) photoperiod. Bioassays and 
ELISA techniques were also used to collect data from these studies. 
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Statistical analyses 
Statistical analyses of leaf temperatures and Cs were used to verify drought stress 
conditions. Statistical differences among treatments were analyzed using analysis of variance 
(ANOVA) techniques (SAS Institute 1995). Percent mortality among stress and Bt 
treatments was compared to differences in Bt protein expression among hybrids. Mean 
separations were used to differentiate significant differences among treatments. Significance 
for all analyses were set at /* = 0.05. 
Results and Discnssion 
Stress measurements 
No stress measurements were recorded in 1996. Due to flooding damage fi-om a 
nearby river early in the season and a limited plant recovery, only Bt concentrations and 
bioassays were conducted to screen for any potential differences. Those data will be 
discussed, but only in relation to 1997 and 1998 observations. Similar to the work of 
Godfi:ey et al. (1991), Cs and leaf temperatures were used to quantify the relative stress 
among the stress treatments. In 1997, significant differences among stress treatments were 
difficult to obtain with leaf temperature in the growth chamber, but trends were observed. 
Leaf temperatures were 28.1,27.7, and 27.8 "C for stress treatments 1,2, and 3, respectively, 
during the first generation stress period. Plants that are stressed are expected to have higher 
leaf temperatures (Salisbury and Ross 1992). Ehiring the second generation (four separate 
174 
sampling dates), leaf temperatures averaged 27.5,28.0, and 27.8 "C for stress treatments 1,2, 
and 3, respectively. For Cs measurements, no significant differences were observed fix)m the 
first insect generation in the growth chamber, but differences were observed among stress 
treatments during the second insect generation (-0.32 (ab), -0.35 (a), and -0.29 (b) cm s"' for 
stress treatments 1,2, and 3 respectively) (F = 4.1; df = 2, 88; P = 0.02). The lower the 
number, the less Cs and the greater the indicated stress on the plant. No differences in stress 
were observed between Bt and non-Bt com in the 1997 growth chamber study. 
In the 1998-growth chamber study, no significant differences were observed in leaf 
temperature or Cs measurements across stress treatments. It was difficult to achieve highly 
stressed plants in the growth chamber, especially during the first generation period (V8 -
VI4). Similar to 1997, trends for higher leaf temperatures and lower Cs readings did occur 
for the stressed treatments but were not significantly different. In addition, no differences in 
stress were observed between Bt and non-Bt com in 1998. 
Field results were different fi-om the growth chamber study in that plant stress was 
easier to manipulate and measure compared to the growth chamber study. For leaf 
temperatures in 1997, no significant differences were observed among stress treatments 
during the first or second generation, but trends were observed. Leaf temperatures were as 
follows: stress treatments 1, 2, and 3 were 30.3,32.1, and 30.2 ®C, respectively, during the 
second generation. With Cs measurements, significant differences were observed among 
stress treatments (JF = 7.7; df = 2,202; P < 0.001). Readings were 0.7,2.0, and 2.1 cm s'' for 
stress treatments 1,2, and 3 during the first generation. During the second generation, Cs 
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readings averaged 0.3, -0.2, and 0.3 cm s ' for stress treatments 1,2, and 3, respectively (F= 
65.1; df= 2, 175; 0.001). 
In 1998, no significant differences occmred among stress treatments with leaf 
temperatures during the first or second generation. In addition, no differences were observed 
for Cs measurements during the first generation. However, significant differences did occur 
among stress treatments for second-generation Cs (F = 6.1; df = 2,298; P = 0.002). The 
observed averages for stress treatments 1,2, and 3, respectively, were 0.7,0.2, and 0.7 cm s"'. 
Data from each sampling date were combined and reported as generation averages because 
each sampling period in which measurements were recorded presented highly variable 
sampling conditions. Plants that were stressed during the first generation were approximately 
25 cm shorter in final plant height compared to the second generation and control treatments 
(data not shown). In addition, plants stressed during the second generation averaged smaller 
grain weights than the first generation or control treatments (data not shown). 
Bt concentration 
In 1996,4 leaf samplings (2 during the first generation and 2 during the second 
generation) were collected for bioassays and determining Bt concentration. No significant 
differences were observed among the stress treatments for Bt concentration. However, trends 
were for higher Bt concentrations among the stressed plants. From the second generation, 
stress treatment 1 and 2 averaged 10.5 and 10.4 ^g Bt/g fi^sh weight, respectively, compared 
to 8.0 ^g Bt/g for stress treatment 3, which was significantly different firom 1 and 2. 
Good experimental conditions existed for the drought study in 1997. The plots were 
sampled three times during the first generation (26 June, 3 July, and 10 July) (Fig. 1). No 
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significant differences occurred in evaluating each date separately, but in combining the first 
generation dates, significant differences were observed between the event 176 (12.6 jig Bt/g 
fresh weight) (Fig. 1 A) and event Btl 1 (28.2 (ig Bt/g fresh weight) events (Fig. IB). No 
differences occurred among stress treatments during either generation. However, event Btl 1 
Bt concentrations were significantly higher than the event 176 concentratiotis on 21 August 
(F= 5.3; df = 1,12; P = 0.041) (Fig. 1A-B). Additionally, significant differences were 
observed among dates (F= 14.4; df = 4,43; P < 0.001) as Bt concentration decreased in the 
leaf tissue as plants matured (Fig. 1). In 1998, similar results were observed, except that no 
significant differences occurred during the first generation (Fig. 2). In addition, the only 
significant differences observed in the second generation were the differences among dates {F 
= 4.6; df = 3, 104; ? = 0.005) (Fig. 2). 
The growth chamber studies in 1997 and 1998 provided similar findings. However, 
Bt concentrations were significantly higher in Bt com that was stressed during the first 
generation (V10-V14)on31 July, 1997 (F= 5.4; df = 2, 6; P = 0.046) (Fig. 3). No other 
differences were observed in 1997. In 1998, the findings were similar in that no significant 
differences were observed. However, trends were for higher Bt concentrations in the stressed 
com (Fig. 4). The results suggest that drought stress during the first and second insect 
generation, did not affect the production of the Cryl Ab protein in leaf tissue. 
O. nubilalis bioassays 
In 1996, there were 3 sampling periods in which leaf material was collected during 
the first generation stress period; in addition, 3 sampling periods occurred during the second-
generation stress period. The only differences observed in mortality was between the Bt and 
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non-Bt treatments during the first generation (F= 20.6; df = 1,398; P < 0.001) (the 3 
sampling dates were combined). During the second generation, a significant difference was 
observed between Bt and non-Bt com (F = 125.6; df = 1, 396; P <0.001) and there was a 
Bt/non-Bt by stress iateraction {F= 3.6; df = 2,396; P — 0.03). Means (percent mortality ± 
SE) for the interaction were as follows: Bt, stress #1 = 90 ± 2; Bt, stress #2 = 75 ± 4; Bt, no 
stress = 86 ± 3; nonBt, stress #1 = 15 ± 3; nonBt, stress #2 = 25 ± 4; nonBt, no stress = 24 ± 
4. Fewer neonates died on the stressed Bt com. 
The next year (1997) provided results that suggest the activity of leaf Bt protein may 
be affected by the second-generation stress treatment. However, during the first generation 
bioassay tests on O. nubilalis neonates, the only significant differences that occurred were 
between Bt (99% mortality) and non-Bt (10% mortality) com (F= 212.6; df = 1, 386; P < 
0.001). Similar findings were observed for O. nubilalis neonates during the second 
generation with differences occurring between Bt (98%) and non-Bt (15%) com (F= 309.5; 
df = 1, 665; P < 0.001). With regard to the bioassay for 3"* instars, the only significant 
differences observed during the first generation were between Bt (68%) and non-Bt (3%) 
mortality (F= 248.0; df = 1,406; P < 0.001) (Fig. 5A-B). No differences were observed 
among the stress treatments, date of sampling, or between the event 176 (Fig. 5 A) or Btl 1 
(Fig. 5B) events. During the second generation, however, differences among stress 
treatments were observed (Fig. 6). Com plants were in the R1 stage (Ritchie et al. 1993) 
(silking) of development during the first leaf sampling (31 July). Significant differences 
were observed among stress treatments (F= 5.7; df = 2, 131; F = 0.004) and between Bt and 
non-Bt com (F = 70.5; df=l,131;F< 0.001). In addition, a significant interaction between 
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Bt/non-Bt com and stress treatments was observed (F = 5.5; df = 2,131; P = 0.005). The 
first stress treatment and the control averaged 71% mortality compared to 28% mortality for 
the second stress treatment of 3"* instars on the first sampling date of the second generation 
(Fig. 6). On the next sampling date (7 August), the only significant difference observed was 
between Bt and non-Bt com (F = 48.3; df = 1,133; F < 0.001) (Fig. 6). For the remainder of 
the sampling dates, similar differences were observed between Bt and non-Bt com. 
However, when all sampling dates from the second generation are combined (Fig. 6), 
significantly lower mortality occurred in the stressed com (19.6%) compared to the first 
generation stress (25.6%) and the control (27.6%) (F= 233.5; df = 1,686; P < 0.001). In 
addition, significant differences occurred among dates {F = 2.4; df = 4,686; P = 0.047). 
Mortality decreased as com plants approached maturity in event 176 (Fig. 6A), but did 
increase during the final test. Mortality stayed constant during the second generation in event 
Btl 1 (Fig. 6B). During the final sampling date, none of the plants were stressed. The plants 
were well watered and the mortality of the Bt plants increased in event 176 (Fig. 6A). 
In 1998, the drought study was only sampled once during the first generation. Similar 
to findings from 1996-1997, the only significant differences observed in O. nubilalis neonate 
mortality were between Bt (95.8%) and non-Bt (17.0%) com (F = 50.2; df = 1, 123; P < 
0.001). Similar findings were observed for the second-generation neonate mortality 
averaging 97.2% on Bt com and 16.8% on non-Bt com (F= 233.5; df = 1, 537; P < 0.001). 
For the 3"* instars, results were similar to 1997 with the only significant difference occurring 
between Bt (38%) and non-Bt com (16%) (F = 44.0; df = 1, 128; P < 0.001) (Fig. 7). During 
the second generation, significant differences were observed between Bt and non-Bt com (F 
179 
= 90.9; df = 1,534; P < 0.001), date (F = 3.5; df = 3,534; P = 0.016), and there was a 
significant Bt/non-Bt by date interaction {F = 8.8; df = 3, 534; P < 0.001). Ostrinia nubilalis 
mortality tended to decrease during reproductive development and increase as the plants 
approached maturity (Fig. 7). No differences among the stress treatments occurred. 
The Btl 1 event was the only event used in the growth chamber studies both years. 
Similar results were obtained with both the neonates and the 3"* instars (Fig. 8) during the 
first generation with the only significant differences among treatments occurring between Bt 
and non-Bt com. The neonates and 3"* instars averaged 100% and 40.7% mortality, 
respectively, on the Bt com and 18.1% and 1.9% mortality, respectively, on non-Bt com. 
During the equivalent of the second-generation stress period, no significant differences were 
observed in O. nubilalis mortality for either the neonates or 3"* instars (Fig. 8). Percent 
mortality dropped off significantly following the first second-generation sampling date. This 
is likely due to the significant drop in Bt concentration (Fig. 3). In 1998, significant 
differences in neonate mortality between Bt and non-Bt com occurred during each one of the 
sampling dates. However, significant differences in 3"'-instar mortality between Bt (31%) 
and non-Bt com (0%) only occurred on 21 August during the first generation (Fig. 9). From 
the second-generation samples, significant differences did not occur for neonates, but did 
occur for 3"'-instars on 11 September between Bt (50%) and non-Bt com (0%) (Fig. 9). 
Results firom the Bt protein quantification were highly variable, which was likely due 
to the minimal number of samples that could be evaluated. No differences among stress 
treatments were observed. However, no differences observed in protein quantity does not 
omit the possibility that the protein may have been structurally affected. Larger O. nubilalis 
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larvae have to consume more Bt protein to cause a lethal effect (Davis and Coleman 1997). 
The results from 1997 suggest that during R1 stage (silking) of com development, transgenic 
Bt com plants are more vulnerable to O. nubilalis. The mortality was much lower during 
silking stage (Rl) (Fig. 6) for the stressed com, but no differences in Bt protein quantities 
were detected (Fig. 1). The data in 1998 do not support 1997's results, but 4"' instars were 
used during the silking stage rather than the desired 3"^ instars, which were unavailable. The 
trends in the data suggest that the Bt protein quantity decreases as the plants reach 
physiological maturity, which affects the activity against O. nubilalis larvae late in the 
growing season. With this decrease was a corresponding decrease in 3"* instar O. nubilalis 
mortality. When the Bt protein concentration increased with the final sample, so did 
mortality of the 3"* instars. In addition, it appeared that the Bt concentration was higher in 
the stressed com in some cases, even though significance was not observed. These results 
were similar to those discussed by Gershenzon (1984), Libum et al. (1991), and Mattson and 
Haack (1987). The protein concentration may increase slightly following a stress period, but 
this increase was not associated with an increase in toxic activity {O. nubilalis mortality) and 
was observed to decrease in 1997. 
These data may have implications for resistance management. If com plants are 
heavily stressed during a relatively short time frame, it appears that mortality of larger-staged 
larvae may be effected. If this occurs, resistance development in O. nubilalis populations 
may be accelerated (Gould 1994). Reduced toxicity threatens the high-dose strategy that is 
recommended in transgenic Bt com plants (McGaughey and Whalon 1992, Ostlie et al. 
1997). Migrating larvae from non-Bt plants would be more likely to survive on Bt plants. In 
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addition to sublethal effects and increased resistance potential, the grower could lose more 
money to yield losses in Bt com. These data suggest that the fluctuation of Bt protein 
quantities in leaf tissue could be attributed to drought-stress conditions and further research 
needs to address these possibilities. 
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no stress applied) from the growth chamber study in 1998. 
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GENERAL SUMMARY 
Part of this research was conducted to explore the use of planting dates as a cultural 
management strategy that farmers could use as a means of integrating transgenic Bt com into 
an effective pest management system. Specifically, these studies were designed to determine 
how phenological differences in Bt and non-Bt com growth affect the egg-laying preferences 
of European com borer adults. In order to determine how effective this interaction would be, 
stalk-tunneling data were recorded to quantify the resulting crop injury firom the 
manipulation of egg density. 
Concem also surrounds the potential non-target effects transgenic com products may 
have. Therefore, an additional objective was to determine how the different phenological 
growth stages of com planted at different times affect natural enemy population dynamics 
and how transgenic Bt com's effect on European com borer population dynamics affects 
these populations. Natural enemies may be taken advantage of if the use of planting dates as 
a cultural management strategy in combination with Bt com do not negatively affect these 
populations. 
In order for a farmer to buy in to such a strategy, it needs to be determined whether or 
not there will be an economic benefit. Therefore, an economic analysis was conducted to 
evaluate the potential benefits or losses that could be expected by incorporating this strategy 
to effectively manage European com borer with Bt com. Planting dates may also be used as 
a resistance management strategy. If planting dates are to be used to incorporate Bt com into 
a pest management system, the selection pressure that this strategy places on the insect 
population would need to be better understood. The objectives of this study were not to 
determine the effectiveness of planting dates as a resistance management strategy, but more 
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to determine whether such a strategy could be used as a tool for managing European com 
borer populations on a season by season basis. 
Planting dates do significantly affect where European com borer adults will lay their 
eggs. Adult European com borers prefer to lay their eggs on the earliest planted, tallest com 
in the area. Between 50 and 100% of the eggs were laid in the early planting during the first 
generation. In addition, they also prefer to lay their eggs on silking, actively pollinating com, 
which is typically the later-planted com in an area that overlaps with peak second-generation 
egg laying. Between 40 and 65% of the eggs were laid in the late planting for the second 
generation. European com borer are unable to differentiate between transgenic Bt and non-
Bt com when laying their eggs. 
European com borer egg density is not highly correlated with subsequent plant 
damage. The highest correlations that occurred were observed in southwestem Iowa at 
Lewis. Consequendy, results suggest that planting dates may be the most effective in 
southern Iowa. However, comparable to predicting European com borer population 
densities, predicting when during the planting sequence one should plant their Bt com to 
maximize their benefit is impossible. If all Bt com is planted early and there is a light first 
generation with a second-generation outbreak, then Bt com likely will not payoff like it could 
have. 
In evaluating the economic analysis, we determined that the relatedness between 
tunneling and 5deld loss was highly variable across the different locations. The exception 
was at Lewis where predicted yield losses (based on lajrval estimates from egg density) were 
highly correlated to observed yield losses. The opposite was true in northem Iowa. This is 
probably due to the variability in plant response across different latitudes, which would affect 
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how well a plant would respond to European com borer injury. In addition, based on 
economic injury levels in the study, none of the planting dates provided a clear advantage 
over the other vdien the first and second generation results are combined. Growers need to 
be able to adjust their plantings of Bt com based on the progression of the planting season. If 
planting is delayed, Bt com is more likely to be economically beneficial if planted later 
because delayed planting decreases chances of high first generation infestation. Our data 
suggest that Bt com may provide the greatest benefit when planted late in southwestem and 
central Iowa and early for northern Iowa. However, decision shifts and changes in planting 
sequence of Bt and isogenic com should occur if the planting progression is delayed beyond 
the predicted planting timeline. 
Natural enemies show preferences for com that is in different stages of phenological 
growth. Most of the natural enemies observed have similar preferences to that of the 
European com borer. Significant differences were observed among planting dates for most 
of the species and insect groups sampled including Coleomegilla maculata, Cycloneda 
munda, Chrysoperla camea, Orius insidiosus, Macrocentrus grandii, parasitic Hymenoptera, 
Syrphidae and Aranidae. Natural enemy presence during the first or second European com 
borer generations varied among species, but correlations between most of these natural 
enemies were high between adult numbers and European com borer egg density and stalk 
tunneling. However, it is difficult to separate whether preferences were based on European 
com borer densities or plant stages. Since most of the natural enemies observed are 
considered generalists, it is likely that the preferences observed were for the different plant 
stages. We conclude this based on the few differences that occurred in numbers between Bt 
and non-Bt com. One natural enemy, Macrocentrus grandii is effected by Bt com. This 
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natural enemy is a specialist parasitoid that is specific to European com borer. Populations 
of M. grandii were reduced by 30-60% in the Bt com plots. Specialist natural enemies will 
be indirectly effected by this technology. 
Considerably larger numbers of natural enemies are present during the reproductive 
stages of com growth and prefer the latest planted com in the area. Recruitment of European 
com borer eggs is concentrated in these late plantings during this time and provides a larger 
quantity of prey for natural enemies. As a means of implementing Bt com into an integrated 
pest management system, biological control would provide the greatest benefit if non-Bt com 
was planted last during the spring planting sequence. As part of a resistance management 
plan, farmers are encouraged to grow a certain percentage of their cornfields to non-Bt com 
to preserve the susceptibility of European com borer. While growers may be hesitant to do 
this, it may be encouraging to know that by creating differences in com development early 
during spring planting, they may improve the likelihood of natural enemies effectively 
lowering European com borer populations to below economic levels. 
Field and laboratory studies were conducted with two transgenic com events 
[KnockOw/ (event 176) and YieldGard (event Btll)] to determine if drought stress applied 
during two growth periods affected the concentration of the Cryl Ab protein from Bacillus 
thuringiensis. A rainout shelter was used to control the levels of stress applied to the plants. 
In addition, studies were conducted within a growth chamber. Stress measurements, Bt 
concentrations, and European com borer bioassay data were collected. Stress treatments did 
not affect the levels of Bt protein expressed in green leaf tissue. However, differences were 
observed in European com borer mortality during the silking stage of com that suggests 
stress during the early reproductive stages of com growth may affect the activity of the Bt 
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protein. Lower mortality of 3"* instars was observed on Bt com that was stressed while 
sillfing. This was the only period of time in stress caused a significant difference in 
mortality. In addition to these results, yield of the stressed plants was greatly reduced. The 
severity of stress applied was likely harsher than may be witnessed in the field, but the 
implications are important to consider. Plants that were highly stressed often-produced 
barren ears, which provides an indication of the amount of stress these plants incurred. 
The activity of the protein is critical to sustain European com borer mortality. The 
implications of this are not only important in considering the decreased efBcacy of Bt com 
against European com borer, but may impact the effectiveness of resistance management 
strategies that are developed. Current resistance management strategies are based on the use 
of a high-dose production of the protein. If environmental influences affect the high-dose 
approach, alternatives to current recommendations may need to be made if the likelihood of 
European com borer survival increases. Studies have been conducted evaluating the 
synergism between low-dose approaches and biological control. Some of these strategies 
need to be further evaluated so we can be better prepared for occasional lapses in product 
performance. 
This work needs to be repeated as we only had one good year (1997) to base these 
suggestions on. In 1998, results were obtained, but we were imable to use 3 instars at the 
critical testing period. Therefore, indications of decreased activity were not observed. 
Future work needs to evaluate new technologies to determine the stability of new proteins as 
new products are developed. Environmental influences will need to continue to be 
considered as it has in product performance for the past 6 decades. 
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